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Zusammenfassung

1 Zusammenfassung
Fir die lebenslange Aufrechterhaltung der Blutbildung ist es erforderlich, dass sich
hamatopoietische Stammzellen (HSZ) Uber einen langen Zeitraum hinweg selbst
erneuern und gleichzeitig Vorlaufer hervorbringen kénnen, die sich zu reifen
Blutzellen entwickeln. Wie das Gleichgewicht zwischen Selbsterneuerung und
Differenzierung bei HSZ kontrolliert wird, ist nicht geklart. Vergleichende
Proliferations- und Zellschicksalsanalysen von Nachkommen einzelner primitiver
hamatopoietischer Zellen deuten darauf hin, dass die Entscheidung bei
hamatopoietischen Stamm- und Vorlauferzellen (HSZ/HVZ) mdglicherweise durch
asymmetrische Zellteilungen reguliert wird. Um auszuschlieBen, dass die
Unterschiede zwischen den Geschwisterzellen erst nach der Teilung etabliert
werden, habe ich in dieser Arbeit nach Faktoren gesucht, die in mitotischen Zellen

asymmetrisch auf die beiden Tochterzellen verteilt werden.

Da asymmetrisch segregierende Faktoren vor Stammzellteilungen bei
Modellorganismen polar angeordnet werden, wurde zunachst in HSZ/HVZ nach
polar lokalisierten Faktoren gesucht, um potenzielle Kandidaten zu identifizieren.
Die Untersuchungen zur Zellpolaritdt ergaben, dass kultivierte HSZ/HVZ eine
polarisierte Zellform annehmen konnen. Es zeigte sich, dass dieser Prozess von
der Aktivitat der Phosphatidyl-Inositol-3-Kinase, der atypischen Proteinkinase C,
der Rho-GTPasen sowie von der Integritdt des Zytoskeletts abhangt. Die
morphologische Polarisierung ging weiterhin mit einer Umverteilung bestimmter
Oberflachenmoleklle zu den Zellpolen einher. Desweiteren beoabachteten wir,
dass diese Faktoren ihre polare Verteilung auch wahrend der Mitose beibehalten,

die Aufteilung auf die Tochterzellen jedoch symmetrisch erfolgt.

Im Folgenden identifizierten wir mehrere Proteine, deren Expessionsmuster nach
der ersten Zellteilung eine Unterscheidung von Subfraktionen innerhalb der CD34"
Zellen zulie®. Da diese Subfraktionen mdglicherweise infolge einer
asymmetrischen Verteilung der Proteine auf die Tochterzellen entstehen und
daruber hinaus funktionelle Unterschiede aufwiesen, wurde die Verteilung von vier
dieser Proteine in mitotischen Zellen analysiert. Dabei fanden wir, dass die
untersuchten Proteine tatsachlich in einem Teil der Mitosen asymmetrisch auf die
Tochterzellen verteilt werden. Somit konnten wir erstmals zeigen, dass sich

primitive hamatopoietische Zellen asymmetrisch teilen konnen.
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2 Summary
For the maintenance of the production of all blood cell lineages throughout life
hematopoietic stem cells (HSC) have to self renew over a long period of time. At
the same time, they generate progenitor cells which differentiate into mature blood
cells during their further development. It is currently not well understood how the
balance between self-renewal and differentiation of HSC is controlled.
Comparative studies of the cell fate and proliferation behaviour of progenies from
single primitive hematopoietic cells suggest that the observed differences between
daughter cells originate from asymmetric cell divisions. To rule out that other
mechanisms like e.g. post-mitotic decision processes account for the differences
between the sibling cells, molecules should be identified that are distributed

asymmetrically onto the daughter cells during cell division.

Since asymmetrically segregating factors are arranged in a polarized manner prior
to stem cell divisions in model organisms we first looked for molecules with a
polarized localization in hematopoietic stem and progenitor cells (HSC/HPC) to
identify potential candidates for asymmetric segregation. These studies on cell
polarity revealed that during cultivation HSC/HPC can acquire a polarized
morphology. We could show that this process depends on the activity of the
phospho-inositol-3-kinase, atypical kinase C, Rho-GTPases and the integrity of the
cytoskeleton. Additionally, the morphologic polarization coincides with a
redistribution of several surface molecules to the arising cell poles. Furthermore,
we found that these antigens maintain their polarized localizations during mitosis

but are distributed in equal amounts among the daughter cells.

Furthermore, we identified several proteins that allow the flow cytometric
discrimination of two subfractions within CD34" cells after their first cell division
during cultivation. As the subfractions might arise from asymmetric protein
segregation into the daughter cells during cell division and besides showed
differences in functional assays, we analyzed the distribution of four candidate
proteins in mitotic cells. We found that these proteins are frequently distributed
asymmetrically between the daughter cells during mitosis. Thus we could confirm
the occurrence of asymmetric cell divisions within the HSC/HPC compartment for

the first time.
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4 Einleitung

4.1 Stammzellen

Fiar die Aufrechterhaltung eines multizellularen Organismus ist es erforderlich,
dass Zellen, die durch Krankheiten, Verletzung oder Alterung verloren
gegangenen sind, standig erneuert und ersetzt werden. Fur diese Regeneration
sind somatische (adulte) Stammzellen verantwortlich, die in zahlreichen Geweben
vorkommen. Diese adulten Stammzellen sind definiert als undifferenzierte Zellen,
die sich Uber einen langen Zeitraum hinweg selbst erneuern und Vorlauferzellen
hervorbringen kénnen, die im weiteren Verlauf ihrer Entwicklung differenzieren.
Wahrend die differenzierten Zellen der Regeneration von Geweben dienen, bleibt

durch die Selbsterneuerung ein Reservoir von Stammzellen erhalten.

Damit eine ausreichende Anzahl Vorlauferzellen hervorgebracht wird und es dabei
nicht zu einer kontinuierlichen Abnahme des Stammzellreservoirs kommt, ist ein
kontrolliertes Gleichgewicht zwischen Selbsterneuerung und Differenzierung der
Stammzellen erforderlich. Reduziert sich der Stammzellvorrat oder die
Stammezellaktivitat, fuhrt dies zu einer verminderten Regenerationsfahigkeit, die im
Extremfall zur Degeneration des betroffenen Gewebes fuhren kann (Taupin und
Gage, 2002; Anversa et al., 2005; Wagers und Conboy, 2005; Kamminga und de
Haan, 2006). Auch Alterungsprozesse scheinen teilweise mit einer verringerten
Funktionalitat gewebespezifischer Stammzellen assoziiert zu sein (Rando, 2006;
Ruzankina und Brown, 2007). Ein Beispiel fur solche Alterungserscheinungen sind
graue Haare, die durch eine verringerte Selbsterneuerung der Melanozyten-

Stammzellen hervorgerufen werden (Nishimura et al., 2005).

Andererseits kann aber auch die Verschiebung des Gleichgewichts zugunsten der
Selbsterneuerung der Stammzellen fatale Folgen fur einen multizellularen
Organismus haben. Eine Deregulation der Signaltransduktionskaskaden, die an
der Kontrolle der Selbsterneuerung beteiligt sind, kann die maligne Transformation
der Zellen und damit die Krebsentstehung fordern (Reya et al., 2001; Beachy et
al., 2004; Al-Hajj, 2007). Eine wichtige Frage im Bereich der Stammzellbiologie ist
daher, durch welche Mechanismen die Entscheidung zwischen Selbsterneuerung

und Differenzierung kontrolliert wird.
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Diese  Fragestellung wird in unserer Arbeitsgruppe an humanen
hamatopoietischen Stammzellen (HSZ) untersucht, und zum besseren
Verstandnis der Thematik werden in den folgenden Abschnitten zunachst die
Eigenschaften von HSZ, ihre Lokalisation und die allgemein verwendeten
Nachweisverfahren beschrieben. Im Anschluss daran wird speziell am Beispiel der
HSZ die Frage nach der Kontrolle zwischen Selbsterneuerung und Differenzierung
erneut aufgegriffen. In diesem Zusammenhang werden die Befunde dargestellt,

die zur Formulierung der Fragestellung fur die vorliegende Arbeit gefuhrt haben.

4.2 Hamatopoietische Stammzellen

Zu den meist untersuchten adulten Stammzellen gehdren die hamatopoietischen
Stammzellen (HSZ), die von besonderer medizinischer Relevanz sind. Sie werden
seit Uber 30 Jahren fir die Behandlung von Leukamiepatienten nach einer
Strahlen- oder Hochdosischemotherapie verwendet (Weissman, 2000; Shizuru et
al., 2005). HSZ sind in der Lage, uber verschiedene Vorlauferzelltypen alle
zellularen Bestandteile des Bluts hervorzubringen. Aufgrund dieser Eigenschaft
konnen sie die Funktionsfahigkeit eines zuvor durch Strahlen- oder
Chemotherapie zerstorten hamatopoietischen Systems nach Transplantation
wiederherstellen (Korbling und Anderlini, 2001; Ballen, 2005; Ringden und Le
Blanc, 2005). Dem klassischen Modell der Hamatopoiese zufolge unterscheidet
man die myeloische Entwicklungslinie mit Monozyten, Granulozyten,
Megakaryozyten und Erythrozyten von der Entwicklungslinie der lymphatischen
Zellen wie B- und T-Lymphozyten und Naturlichen Killer (NK)-Zellen (Abbildung
4-1). Dendritische Zellen kénnen sowohl myeloischen als auch lymphatischen
Ursprungs sein. In diesem Modell wird postuliert, dass sich zu einem frihen
Zeitpunkt in der Hamatopoiese die myeloische und die lymphatische
Entwicklungslinie unwiderruflich voneinander abspalten. Aus multipotenten
Vorlauferzellen entwickeln sich dabei sogenannte gemeinsame lymphatische
Vorlauferzellen, die im Englischen als Common-Lymphoid Progenitors (CLP)
bezeichnet werden, bzw. gemeinsame myeloische Vorlauferzellen oder Common-
Myeloid Progenitors (CMP) (Kondo et al., 1997; Akashi et al., 2000; Reya et al.,
2001). Aufgrund neuer Erkenntnisse, die auf die Existenz von Vorlauferzellen
hindeuten, die zusatzlich zum lymphatischen Entwicklungspotenzial noch ein

eingeschranktes myeloisches Entwicklungspotenzial besitzen, wird dieses
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klassische Hamatopoiese-Modell jedoch modifiziert werden mussen (Brown et al.,
2007; Buza-Vidas et al., 2007; Bell und Bhandoola, 2008; Wada et al., 2008)
(Giebel und Punzel, 2008; im Druck).

HAMATOPOIESE
@ ® NK-Zelle
e — ® )T=zelle
. Tenhl
gemeinsamer ks ® )B-Zelle
lymphatischer Bl
Vorlaufer e e dendritische Zelle
C ==\ = ——— _® “dendritische Zelle
HSZ HVZ ® £D ——Makrophage
Monozyt
— %% nheutrophile
L .o — . . Granulo-
@ eosinophile zyten
gemeinsamer - ‘ basophile
myeloischer
Vorlaufer & — ' ——Thrombozyten
L. @ { Megakaryozyt
® — U Erythrozyt
(modifiziert nach: Alberts et al., Molecular Biology of the Cell, 4.Aufl.)

Abbildung 4-1: Schematische Darstellung des klassischen Modells der
Hamatopoiese. Hdmatopoietische Stammzellen (HSZ) kénnen sich selbst erneuern und
alle reifen Blutzelltypen bilden. Die Bildung reifer Blutzellen erfolgt, indem HSZ
multipotente hamatopoietische Vorlauferzellen (HVZ) hervorbringen. Aus diesen HVZ
entstehen gemeinsame myeloische und gemeinsame lymphatische Vorlauferzellen, die
ein eingeschranktes Entwicklungspotenzial aufweisen. So kénnen aus gemeinsamen
lymphatischen Vorlauferzellen nur noch Zellen der lymphatischen Entwicklungslinie (NK-,
T-, B- und dendritische Zellen) entstehen, wahrend gemeinsame myeloische
Vorlauferzellen  ausschlieBlich  Zellen myeloischen  Ursprungs (Makrophagen,
Granulozyten, Thombozyten, Erythrozyten und dendritische Zellen) hervorbringen.

4.2.1 Entstehungsorte hamatopoietischer Stamm- und

Vorlauferzellen

Wahrend der embryonalen Entwicklung werden HSZ in der Aorta-Gonaden-
Mesonephros(AGM)-Region, dem Dottersack und der Plazenta gebildet (Dzierzak,
2005; Mikkola et al., 2005) und besiedeln im weiteren Verlauf die fetale Leber und

10
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das Knochenmark. Im Kindes- und Erwachsenenalter findet die Blutbildung dann
hauptsachlich im Knochenmark statt (Dzierzak, 2005; Mikkola et al., 2005).

Entsprechend ihres ontogenetischen Ursprungs lassen sich HSZ aus der fetalen
Leber, dem Knochenmark (KM) und aus dem Nabelschnurrestblut, das im
Englischen als cord blood (CB) bezeichnet wird, isolieren. Auch das periphere Blut
(PB) von Personen, die zuvor mit Granulozyten-Kolonie-stimulierendem Faktor (G-
CSF) behandelt wurden, eignet sich fur die Gewinnung von HSZ, da G-CSF die

Auswanderung der HSZ aus dem Knochenmark ins PB fordert (Nervi et al., 2006).

4.2.2 Nachweis hamatopoietischer Stamm- und Vorlauferzellen

unter Verwendung funktioneller Analyseverfahren

In der klinischen Anwendung hat sich gezeigt, dass sich vor allem Knochenmark,
Nabelschnurrestblut und peripheres Blut G-CSF stimulierter Spender fur die
Rekonstitution des hamatopoietischen Systems myeloablatierter Patienten eignen
(Bensinger et al., 1997; Korbling und Anderlini, 2001; Rocha et al., 2001; Ballen,
2005; Ringden wund Le Blanc, 2005). Dabei kann die erfolgreiche
Wiederherstellung eines funktionsfahigen hamatopoietischen Systems im
Empfanger durch Spenderzellen als Nachweis fur das Vorkommen von HSZ im
Transplantat angesehen werden. Da sich humane HSZ bis heute aufgrund des
Fehlens eines spezifischen HSZ Phanotyps nicht eindeutig identifizieren und
spezifisch isolieren lassen, sind im Laufe der Zeit verschiedene
Nachweisverfahren entwickelt worden, mit denen das Entwicklungspotenzial

primitiver hamatopoietischer Zellen analysiert werden kann.

Fir die in vivo Untersuchung von primitiven humanen hamatopoietischen Zellen
sind xenogene Transplantationsmodelle entwickelt worden, da entsprechende
Experimente beim Menschen aus ethischen Grinden nicht durchgefihrt werden
konnen. FUr xenogene Transplantationen werden oftmals immundefiziente
NOD/SCID (non-obese-diabetic/severe-combined-immundeficient) Mause
verwendet, die transplantierte Zellen nicht abstollen. Anhand dieses
Transplantationsmodells wird ermittelt, ob die transplantierten Zellen eine
menschliche Hamatopoiese in den Empfangertieren initieren konnen (Kamel-Reid
und Dick, 1988; Lapidot et al., 1992; Larochelle et al., 1996).

11
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Hierbei ist anzumerken, dass ein Teil der transplantierten Zellen nicht in das
Knochenmark, sondern in die Lunge einwandert, wo sie ihr hamatopoietisches
Potenzial nicht entfalten konnen (Krause et al., 2001; Dooner et al., 2004). Somit
wird in diesem Transplantationsmodell die tatsachliche Anzahl der Zellen mit
rekonstituierendem Potenzial, die im Englischen als SCID-repopulating cells

(SRC) bezeichnet werden, maglicherweise unterbewertet.

Auch wenn SRC humanen HSZ aufgrund ihrer Eigenschaften sehr nahe stehen,
ist nicht geklart, ob sie auch die Fahigkeit zur Langzeit-Rekonstitution im
Menschen besitzen. In Versuchen mit hamatopoietischen Zellen aus Affen konnte
gezeigt werden, dass fur die Repopulation von NOD/SCID Mausen und die
Langzeitbesiedelung in Affen unterschiedliche Zellpopulationen verantwortlich
sind. Daher sollten Zellen, die im xenogenen Transplantationsmodell
Repopulationspotenzial zeigen, nicht mit HSZ gleichgesetzt werden (Horn et al.,
2003; Horn und Blasczyk, 2007).

Neben den Transplantationsversuchen stehen fur die funktionelle Analyse
primitiver hamatopoietischer Zellen auch diverse in vitro Verfahren zur Verfugung.
Hier wird das Koloniebildungspotenzial entsprechend ausgesater Zellen ermittelt,
das in Abhangigkeit der zugesetzten Zytokine steht. Im so genannten CFU-GEMM
(Colony-Forming-Unit Granulocyte, Erythrocyte, Macrophage, Megakaryocyte)-
Ansatz wird das myeloische Entwicklungspotenzial von eingebrachten Zellen
analysiert. Hierbei wird die Entwicklung der Zellen zu Erythrozyten,
Megakaryozyten, Monozyten und Granulozyten in semisolidem Medium
unterstutzt. Anhand der Koloniebildung kann in diesem Versuchsansatz das
Entwicklungspotenzial der urspringlich eingesetzten Zellen retrospektiv beurteilt
werden. Vorlauferzellen, die verschiedene Zelltypen hervorbringen, werden als

besonders primitiv eingestuft.

Der CFU-GEMM-Versuchsansatz eignet sich nicht zur Identifizierung sehr friher
Vorlauferzellen, weil diese mehr Zeit und den Kontakt mit Stromazellen bendtigen,
um differenzierte  Nachkommen hervorzubringen (Whitlock und Witte, 1982;
Kierney und Dorshkind, 1987; McGlave et al., 1994; Miller et al., 1994; LeBien,
1998; Coulombel, 2004). Daher sind zum Nachweis von primitiven myeloischen
und lymphatischen Vorlauferzellen Langzeitversuche entwickelt worden, in denen

die Zellen Uber mehrere Wochen in Gegenwart von Stromazellen kultiviert werden.

12
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Diese Stromazellen unterstiitzen das Uberleben und die Proliferation primitiver
Vorlauferzellen sowie die Differenzierung von spezifizierten Vorlauferzellen
(Sutherland et al., 1990; Hao et al., 1998; Miller et al., 1999; Punzel et al., 1999;
Punzel et al., 1999; Nolta et al., 2002). Nach mehreren Wochen kénnen daher nur
Nachkommen von zu Beginn sehr primitiven hamatopoietischen Zellen noch
Kolonien in einem nachgeschalteten Koloniebildungsansatz hervorbringen. In
solchen Langzeitversuchen kann man, je nach verwendetem Zytokingemisch,
einerseits im Long-term-culture-intiating cell (LTC-IC)-Versuchsansatz den Gehalt
an frGhen myeloischen oder andererseits mithilfe des Natural-Killer-cell-initiating
cell (NK-IC)-Versuchsansatzes den der unreifen lymphatischen Vorlauferzellen
bestimmen. Das kombinierte myeloische-lymphatische Entwicklungspotenzial
kann im so genannten Myeloid-Lymphoid Initiating Cell (ML-IC)-Ansatz ermittelt
werden. Hier werden einzeln abgelegte Zellen zunachst 14 Tage auf Stromazellen
expandiert, bevor ihre Nachkommen aufgeteilt und in LTC-IC- bzw. NK-IC-Ansatze
uberfuhrt werden (Punzel et al., 1999; Punzel et al., 2002; Giebel et al., 2006).
Zellen, deren Nachkommen sowohl Zellen der myeloischen (LTC-IC) als auch der
lymphatischen Entwicklungslinie (NK-IC) hervorbringen, werden als ML-IC
bezeichnet. Zellen mit ML-IC-Potenzial gelten derzeit als die primitivsten in vitro

detektierbaren Zellen.

4.2.3 Phanotypische Charakterisierung und Anreicherung HSZ-

enthaltender Zellfraktionen

Im humanen System sind bisher noch keine Marker beschrieben worden, die
ausschlieBlich auf HSZ exprimiert werden und so eine direkte ldentifikation und
Isolierung ermdglichen wiirden. Uber die Anreicherung von primitiven Zellen, die
sich in spezifischen phanotypischen Eigenschaften von reifen hamatopoietischen
Zellen unterscheiden, lassen sich aber Zellfraktionen gewinnen, die HSZ

enthalten.

Die Unterscheidung zwischen primitiven und reiferen hamatopoietischen Zellen
erfolgt anhand von bestimmten, mit der Differenzierung von Zellen assoziierten
Zelloberflachenproteinen, die eine Cluster of Differentiation (CD)-Bezeichnung
tragen. Das Expressionsmuster dieser Antigene auf der Zelloberflache
hamatopoietischer Zellen lasst Rickschlisse auf den Entwicklungszustand der

Zellen zu. So gelten z.B. CD3, CD4 und CD8 als T-Lymphozyten-spezifische
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Oberflachenproteine, wahrend CD19 typisch fur B-Lymphozyten ist. Primitive
humane hamatopoietische Zellen unterscheiden sich von reifen Blutzellen durch
das Fehlen solcher Entwicklungslinien-spezifischen Antigene, die im Englischen
als lineage (lin)-Marker bezeichnet werden. Im Gegensatz zu reiferen Zellen
exprimieren sie die Zelloberflachenproteine CD34 und CD133 (Civin et al., 1984;
Katz et al., 1985; Andrews et al., 1986; Miraglia et al., 1997; Yin et al., 1997).
Beide Oberflachenmolekulle werden zur Charakterisierung einer HSZ-enthaltenden
Fraktion verwendet, und auf einem Groldteil der primitiven humanen
hamatopoietischen Zellen werden CD34 und CD133 uUberlappend exprimiert
(Miraglia et al., 1997; Yin et al., 1997; de Wynter et al., 1998; Matsumoto et al.,
2000; Handgretinger et al., 2003). Bei der Analyse der Expression weiterer
Oberflachenantigene zeigt sich jedoch, dass die Fraktion der CD34" Zellen
auRerst heterogen ist. So finden sich Zellen, die CD38 stark exprimieren (CD38"),
und andere, die nur schwach positiv fur CD38 sind (CD38"°""). Allerdings gibt es
aufgrund der graduellen CD38-Expression zwischen den beiden Populationen
CD34'CD38* und CD34"'CD38""" keine scharfe Abgrenzung, die eine objektive

Unterscheidung der beiden Fraktionen erlaubt.

Nach einer Separation der Zellen in eine 1inCD34°CD38" und eine lin’
CD34*CD38"" Fraktion konnte belegt werden, dass die linCD34*CD38"°"-Zellen
verglichen mit der lin"CD34"CD38"-Fraktion sehr viel starker fir primitive
hamatopoietische Zellen mit LTC-IC Potenzial (Terstappen et al., 1991; Hao et al.,
1995; Hao et al.,, 1996; Petzer et al., 1996) und auch fur Zellen mit
rekonstituierendem Potenzial (SRC) angereichert sind (Bhatia et al., 1997; Dick et
al., 1997). Wahrend Zellen mit LTC-IC-Potenzial in beiden Fraktionen vorkommen,
wurden SRC ausschlieBlich in der lin"CD34°CD38" Fraktion gefunden. Dabei liegt
die SRC Frequenz innerhalb dieser lin"CD34°CD38 Fraktion mit etwa 0.2%
(Larochelle et al., 1996; Bhatia et al., 1997) deutlich unter der LTC-IC Frequenz
von etwa 10% (Terstappen et al., 1991; Hao et al., 1995; Hao et al., 1996; Petzer
et al., 1996).

Auch in der lin"CD34'CD38 Fraktion gibt es Zellen mit rekonstituierendem
Potenzial (Bhatia et al., 1998; Zanjani et al., 1998), die sich weiterhin durch die
Expression von CD133 und das Fehlen des lymphatischen Entwicklungsmarkers
CD7 auszeichnen (Gallacher et al., 2000). Lin'CD34" Zellen sind aul3erdem auch

in der Lage, CD34" Zellen hervorzubringen und reprasentieren mdglicherweise
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eine primitivere Vorstufe der CD34" Zellen (Bhatia et al., 1998; Nakamura et al.,
1999). Es konnte gezeigt werden, dass die beiden Stammzellsurrogatmarker
CD34 und CD133 in einem Grolteil der Zellen coexprimiert werden (Miraglia et
al.,, 1997; Yin et al., 1997; de Wynter et al., 1998; Matsumoto et al., 2000;
Handgretinger et al., 2003). Da CD133 aber auch in CD34" Zellen mit
Repopulationseigenschaften exprimiert ist, die wiederum CD34" Zellen
hervorbringen konnen (Gallacher et al., 2000; Kuci et al., 2003), a3t sich anhand
der CD133 Expression auch eine Subpopulation von Zellen charakterisieren, die

primitivere Zellen enthalt als die Fraktion der CD34" Zellen.

4.2.4 Entscheidung zwischen Selbsterneuerung und

Differenzierung von Stammzellen

Wie unter 4.1 beschrieben, spielt die Frage nach den Mechanismen, die die
Entscheidung zwischen Selbsterneuerung und Differenzierung von Stammzellen

regulieren eine zentrale Rolle im Bereich der Stammzellbiologie.

Wie diese Entscheidung bei HSZ kontrolliert wird, ist noch weitgehend unbekannt.
Untersuchungen an Modellorganismen haben jedoch dazu beigetragen,
Mechanismen, die die Entscheidung zwischen Selbsterneuerung und
Differenzierung von Stammzellen beeinflussen, besser zu verstehen. Hierbei
zeigte sich, dass dabei sowohl &aulere (extrinsische) Einflisse als auch
intrinsische Faktoren eine wichtige Rolle spielen kdnnen. Im folgenden Abschnitt
werden Beispiele solcher Zellschicksalsentscheidungen aus Drosophila
melanogaster und Caenorhabditis elegans naher erlautert. Hieraus lassen sich
Ansatzpunkte fur die Erforschung der entsprechenden Fragestellung bei HSZ

entwickeln.
4.2.4.1 Zellschicksalsentscheidungen bei Modellorganismen

Bei Stammzellteilungen in Drosophila melanogaster wird die Entscheidung
zwischen Selbsterneuerung und Differenzierung im Wesentlichen durch zwei
Mechanismen kontrolliert: durch die direkte raumliche Umgebung der
Stammzellen, die als Stammzellnische bezeichnet wird (Abbildung 4-2), und durch
asymmetrische Zellteilungen, in denen intrinsische Faktoren ungleich auf die

entstehenden Tochterzellen verteilt werden (Abbildung 4-3).
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Untersuchungen der Keimbahnstammzellen in Drosophila melanogaster zeigten,
dass die 2 Keimbahnstammzellen einer Ovariole in engem Kontakt mit Zellen

somatischen Ursprungs stehen (Xie et al., 2005; Kirilly und Xie, 2007).

Stammzellnische
(1) SELBSTERNEUERUNG
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Abbildung 4-2: Modell der Stammzellnische. Das Zellschicksal der Tochterzellen hangt
von extrinsischen Faktoren in Form einer Stammzellnische ab. Fur den Erhalt der
Stammzellen als solcher ist der Kontakt mit der Nische entscheidend. ()
Selbsterneuerung: sind nach einer Stammzellteilung ausreichend Nischen vorhanden,
kénnen beide Tochterzellen eine Nische besetzen und das Stammzellpotenzial
realisieren. (lI) Differenzierung: sind nach einer Zellteilung keine weiteren Nischen frei,
besetzt eine Tochterzelle die Nische der Mutterzelle, wahrend die andere aus der Nische
verdrangt wird und sich zur Vorladuferzelle weiterentwickelt. SZ: Stammzelle; VZ:
Vorlauferzelle.

Nische

Bei einer Teilung der Keimbahnstammzellen verlasst eine Tochterzelle diese
raumliche Umgebung und entwickelt sich zur Oozyte, wahrend die andere in der
Nische als Stammzelle verbleibt (Abbildung 4-211). Kommt es zum Verlust einer
der beiden Keimbahnstammzellen, kann sie durch eine Teilung der zweiten

Stammzelle ersetzt werden, indem die eine der beiden Tochterzellen die
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benachbarte Nische besetzt und ebenfalls den Stammzellcharakter beibehalt
(Abbildung 4-2l). Fur das Schicksal der Stammzellen scheint daher der Kontakt
mit den umgebenden Zellen entscheidend fur den Erhalt der Stammzellen als
solcher zu sein (Xie und Spradling, 2000; Spradling et al., 2001; Lin, 2002; Kai und
Spradling, 2003).

Im Gegensatz zum Einfluss extrinsischer Faktoren in Form der Stammzellnische
spielen bei asymmetrischen Zellteilungen intrinsische Faktoren eine
entscheidende Rolle fur das Schicksal der entstehenden Tochterzellen. Abbildung
4-3 zeigt eine schematische Darstellung einer asymmetrischen Stammzellteilung.
Faktoren, die das Entwicklungsschicksal der Zellen beeinflussen, werden auch als
Zellschicksalsdeterminanten bezeichnet. Je nach Orientierung der Teilungsebene,
die wiederum von der Ausrichtung der mitotischen Spindel abhangt, konnen
Zellschicksalsdeterminanten bei einer Zellteilung asymmetrisch auf die
Tochterzellen verteilt werden. Infolgedessen entwickeln sich die beiden
Tochterzellen unterschiedlich voneinander weiter. Wahrend die eine Tochterzelle
als Stammzelle verbleibt, differenziert die andere Tochterzelle im weiteren Verlauf
ihrer Entwicklung. Welche Mechanismen an der asymmetrischen Verteilung
intrinsischer  Faktoren beteiligt sind, konnte durch die Untersuchung

asymmetrischer Zellteilungen bei Modellorganismen gezeigt werden.

Asymmetrische Zellteilungen kommen z.B. bei der Teilung neuraler Stammzellen
(Neuroblasten) von Drosophila melanogaster und auch bei der Caenorhabditis

elegans Zygote vor (Doe und Bowerman, 2001).

Bei der Teilung der Neuroblasten (NB) wahrend der Entwicklung des
Nervensystems von Drosophila melanogaster entstehen zwei Tochterzellen, von
denen die eine als neurale Stammzelle erhalten bleibt, wahrend die andere
Tochterzelle (Ganglionmutterzelle) nach einer weiteren Teilung Nerven- und/oder
Gliazellen hervorbringt. Die NB weisen aufgrund ihres epithelialen Ursprungs eine
apikal-basale Polaritatsachse auf, die sich in der spezifischen Lokalisation
bestimmter Faktoren am apikalen bzw. basalen Pol der Zellen manifestiert. Zu
Beginn einer Zellteilung ist die mitotische Spindel zunachst so ausgerichtet, dass
apikale und basale Faktoren symmetrisch auf die beiden Tochterzellen verteilt
werden. Aufgrund einer Rotation der Spindel verlauft die Teilungsebene dann

jedoch senkrecht zu der apikal-basalen Polaritatsachse. Aus diesem Grund
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segregieren basal lokalisierte Faktoren, die als Zellschicksalsdeterminanten
fungieren, Uberwiegend in die eine Tochterzelle, die sich infolgedessen zur
Ganglionmutterzelle entwickelt. Die andere Tochterzelle bleibt dagegen als NB
erhalten (Jan und Jan, 2001; Wodarz und Huttner, 2003; Wodarz, 2005; Yu et al.,
2006; Chia et al., 2008).

Asymmetrische Zellteilung

o8

Zellschicksals- :
Determinante Teilungsebene

Abbildung 4-3: Modell einer asymmetrischen Stammzellteilung. Das
Entwicklungspotenzial der Tochterzellen, die bei einer Stammzellteilung entstehen, ist
abhangig von der Verteilung intrinsischer Faktoren, den sogenannten
Zellschicksalsdeterminanten. Vor der Mitose werden die Zellschicksalsdeterminanten an
einem Zellpol lokalisiert. Aufgrund der polaren Anordnung und einer entsprechend
orientierten Teilungsebene gelangen die Zellschicksalsdeterminanten bei einer Zellteilung
nur in eine der Tochterzellen. Infolgedessen entwickeln sich die beiden Tochterzellen
unterschiedlich voneinander weiter. Wahrend die eine Tochterzelle als Stammzelle (SZ)
verbleibt, entwickelt sich die andere zu einer Vorlauferzelle (VZ).

Auch bei der Zygote von Caenorhabditis elegans wird vor der ersten Zellteilung
eine Polaritatsachse ausgebildet, die eine anterior-posteriore Orientierung
aufweist. Da die Teilungsebene aufgrund einer Spindelrotation senkrecht zu dieser
Polaritatsachse liegt, werden anterior und posterior lokalisierte Faktoren
asymmetrisch auf die beiden Tochterzellen verteilt, die sich infolgedessen
unterschiedlich weiterentwickeln. Die posterior gelegene Tochterzelle (P1-Zelle)
erhalt unter anderem die P-Granula, die Determinanten der Keimbahn enthalten.
Im weiteren Verlauf der Entwicklung bringt die P1-Zelle neben Keimbahnzellen
auch mesodermale und endodermale Zellen hervor. Aus der anterior gelegene

AB-Zelle entstehen im Gegensatz dazu hauptsachlich Zellen ektodermalen
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Ursprungs (Kemphues et al., 1988; Guo und Kemphues, 1995; Boyd et al., 1996;
Watts et al., 1996; Suzuki und Ohno, 2006).

Zusammenfassend wurden bei asymmetrischen Zellteilungen in den
Modellorganismen folgende Beobachtungen gemacht: Zellen, die sich
asymmetrisch teilen, erflllen drei Kriterien, (I) sie sind polarisiert, (II) Proteine, die
als Zellschicksalsdeterminanten fungieren, werden ungleichmalig auf die
entsprechenden Zellpole verteilt, und (lll) eine korrekte Orientierung der
mitotischen  Spindel sorgt flir die asymmetrische Verteilung der
Zellschicksalsdeterminanten auf die Tochterzellen (Betschinger und Knoblich,
2004). Somit spielt die Organisation der Zellpolaritat eine entscheidende Rolle bei
der asymmetrischen Zellteilung und steht in direktem Zusammenhang mit dem

Schicksal der entstehenden Tochterzellen.

Nach welchem Muster Stammzellteilungen im hamatopoietischen System
ablaufen und welche Rolle intrinsische und/oder extrinsische Mechanismen dabei
spielen, war zu Beginn dieser Arbeit noch nicht abschlieBend geklart. Wie im
folgenden Abschnitt erlautert, gibt es sowohl Hinweise auf die Existenz von HSZ
Nischen als auch Befunde, die auf das Vorkommen asymmetrischer Zellteilungen
bei HSZ hindeuten.

4.2.4.2 Teilungsmechanismen hamatopoietischer Stammzellen

Die Beobachtung, dass sich Zellen mit Langzeitrepopulationspotenzial in vivo
expandieren konnen (Iscove und Nawa, 1997), jedoch in vitro in stromazellfreien
Kulturen die Expansionsfahigkeit schnell verlieren (Bhatia et al., 1997; Conneally
et al., 1997; Shimizu et al., 1998), deutet auf den Einfluss extrinsischer Faktoren
auf das Schicksal von HSZ hin. Dies wird weiter unterstutzt durch den Befund,
dass adaquate Stromazellen den Erhalt von primitiven Zellen in vitro Uber einen
langeren Zeitraum férdern (Moore et al., 1997; Thiemann et al., 1998; Punzel et
al., 1999; Shih et al., 1999; Nolta et al., 2002). In diesem Zusammenhang wurde

postuliert, dass es auch im hamatopoietischen System Stammzellnischen gibt.

Die Existenz von HSZ-Nischen konnte tatsachlich von mehreren Arbeitsgruppen
nachgewiesen werden, die zeigen konnten, dass Osteoblasten zu den wichtigsten
Bestandteilen der HSZ-Nischen im Endosteum des Knochemarks gehdéren (Calvi
et al.,, 2003; Zhang et al., 2003). Weiterhin fanden Kiel und Kollegen, dass
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sinusoidale Endothelzellen Komponenten der vaskularen HSZ-Nischen sind, die in
der Milz und dem Knochenmark gefunden wurden (Kiel et al., 2005). Beide
Nischenarten sind an der Regulation der GroRe des Stammzellreservoirs in vivo
beteiligt, und dabei scheint der Notch-Signalweg eine wichtige Rolle zu spielen
(Leary et al., 1985; Milner und Bigas, 1999; Calvi et al., 2003; Suzuki und Chiba,
2005).

Vor der Entdeckung der HSZ-Nischen wurde allgemeinhin angenommen, dass
sich HSZ asymmetrisch teilen. Dies begrindete sich auf folgende experimentelle
Beobachtungen: bei der Analyse der Differenzierung muriner und humaner
hamatopoietischer Vorlauferzellen (HVZ) unter stromazellfreien
Kulturbedingungen wurden Tochterzellen von HVZ unmittelbar nach der Teilung
separiert und getrennt voneinander weiterkultiviert. Dabei fand man, dass manche
Geschwisterzellen Kolonien hervorbrachten, die sich entweder in der Art oder der
Grolle der Kolonien voneinander unterschieden (Suda et al., 1984; Suda et al.,
1984; Leary et al., 1985). Weiterhin ergaben Studien an humanen Zellen, die fur
HSZ angereichert waren, dass die Nachkommen dieser Zellen bezuglich ihrer
Funktion und Proliferationskinetik zum Teil sehr heterogen sind. In diesem
Zusammenhang wurde gezeigt, dass primitivere Zellen langsamer proliferieren als
weiter spezifizierte Zellen (Mayani et al., 1993; Brummendorf et al., 1998; Punzel
et al., 2002).

Aufgrund der Beobachtung, dass unter konstanten Bedingungen etwa 20-30% der
primitiven, langsam proliferierenden hamatopoietischen Zellen Tochterzellen mit
unterschiedlichen Proliferationskinetiken und Zellschicksalen hervorbringen, wurde
von verschiedenen Arbeitsgruppen postuliert, dass diese Ergebnisse auf
asymmetrische Zellteilungen zurtckzufihren sind (Brummendorf et al., 1998;
Huang et al., 1999; Punzel et al., 2002).

Neuere Studien des Entwicklungspotenzials von HSZ/HVZ-Tochterzellen auf
Einzelzellebene haben weiterhin ergeben, dass der grofldte Teil der primitivsten in
vitro detektierbaren humanen hamatopoietischen Zellen (ML-IC) Tochterzellen
hervorbringt, die unterschiedliche Zellschicksale annehmen (Giebel et al., 2006).
Dabei behalt die eine dieser Tochterzellen das Entwicklungspotenzial der
Mutterzelle, wahrend die andere nur ein eingeschranktes Entwicklungspotenzial

realisiert. Im Gegensatz dazu realisieren bei der Zellteilung reiferer Vorlauferzellen
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haufiger beide Tochterzellen das Schicksal ihrer Mutterzelle. Das deutet darauf
hin, dass primitivere Zellen unter den verwendeten Versuchsbedingungen eine
grolere Tendenz dazu haben, Tochterzellen mit unterschiedlichem Schicksal
hervorzubringen als reifere Zellen, was ebenfalls mit einer asymmetrischen

Zellteilung vereinbar ware (Giebel et al., 2006).

4.3 Fragestellung und Zielsetzung dieser Arbeit:

Die oben beschriebenen Befunde zum unterschiedlichen Koloniebildungs- und
Proliferationsverhalten von Tochterzellen primitiver hamatopoietischer Zellen sind
alle mit dem Modell der asymmetrischen Zellteilung vereinbar. Sie konnten aber
auch hypothetisch - wie schon von der Arbeitsgruppe um Lansdorp diskutiert
(Brummendorf et al.,, 1998) - durch postmitotische Entscheidungsprozesse
zustande kommen. Hierbei konnten sich zunachst identische Tochterzellen nach
der Mitose gegenseitig beeinflussen und infolgedessen unterschiedlich
weiterentwickeln (Giebel et al., 2006) (Abbildung 4-4).

Ein Beispiel hierfur ist der Prozess der lateralen Inhibition wahrend der
Entwicklung des Nervensystems von Drosophila melanogaster, bei dem der
Notch-Signalweg eine zentrale Rolle spielt. Die neuralen Vorlauferzellen entstehen
in kleinen Zellgruppen, den so genannten proneuralen Aquivalenzgruppen.
Zunachst exprimieren alle benachbarten Zellen proneurale Gene und besitzen das
Potenzial, sich zu neuralen Vorlauferzellen zu entwickeln. Sobald sich in einer der
Zellen eine fur die neurale Determinierung ausreichende Menge proneuraler
Faktoren angesammelt hat, inhibiert sie die umliegenden Zellen, dasselbe
Schicksal anzunehmen. Diese laterale Inhibition erfolgt Uber die Aktivierung des
Notch-Signalwegs in den benachbarten Zellen, die zu einer Suppression der
proneuralen Genfunktion in diesen Zellen fihrt. Als Folge davon nehmen
benachbarte Zellen mit urspringlich identischem Entwicklungspotenzial
unterschiedliche Zellschicksale an (Giebel, 1999; Martinez Arias et al., 2002,
Castro et al., 2005).

Da die im hamatopoietischen Kompartiment beobachteten Unterschiede im
Proliferationsverhalten und der Koloniebildung der Geschwisterzellen sich nicht

eindeutig auf eine asymmetrische Zellteilung zurlckfihren, sondern sich auch
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anders erklaren lassen, sollte im Rahmen der vorliegenden Arbeit untersucht

werden, ob HSZ/HVZ tatsachlich in der Lage sind, sich asymmetrisch zu teilen.

Mogliche Ursachen fur die Entstehung von
unterschiedlich spezifizierten Tochterzellen

A. asymmetrische

. @ Zellteilung
| ()

(52) — EE —+
e

postmitotische
Entscheidung

Abbildung 4-4: Unterschiedliche Mechanismen ermdéglichen eine Diversitat der
Zellschicksale. Die Entstehung von unterschiedlich spezifizierten Geschwisterzellen
bei einer Stammzellteilung lasst sich mit zwei Modellen erklaren. A:
Zellschicksalsdeterminanten werden wahrend der Zellteilung asymmetrisch verteilt,
sodass die beiden Tochterzellen ein unterschiedliches Entwicklungspotenzial besitzen.
B: Bei der Teilung entstehen zunachst zwei identische Tochterzellen, die sich nach der
Mitose gegenseitig beeinflussen, z.B. durch laterale Inhibition und daraufhin
unterschiedliche Zellschicksale verfolgen. SZ: Stammzelle; VZ: Vorlauferzelle.

Um zwischen post-mitotischen Entscheidungsprozessen und asymmetrischen
Zellteilungen als moglichen Ursachen fur die Unterschiede zwischen Tochterzellen
von HSZ/HVZ differenzieren zu kdénnen, sollte daher nach Faktoren gesucht
werden, die wahrend der Zellteilung asymmetrisch auf die Tochterzellen verteilt

werden.
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Da am Beispiel der Modellorganismen gezeigt werden konnte, dass der Aufbau
von Polaritatsachsen eine zentrale Voraussetzung fir asymmetrische
Zellteilungen darstellt, bestand ein erstes Ziel dieser Arbeit darin, die Zellpolaritat
von HSZ/HVZ zu untersuchen. Hierbei sollten polar angeordnete Faktoren
identifiziert werden, da sie aufgrund ihrer polaren Verteilung - ahnlich wie die polar
lokalisierten Zellschicksalsdeterminanten bei Drosophila melanogaster — mogliche
Kandidaten flr eine asymmetrische Segregation in die beiden Tochterzellen
darstellen. Um diese Annahme zu uUberprufen, sollte im Anschluss daran ihre

Lokalisation in sich teilenden Zellen untersucht werden.
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5 Ergebnisse und Diskussion
Die zentrale Fragestellung dieser Arbeit war, ob sich HSZ/HVZ asymmetrisch
teilen koénnen. Da, wie eingangs beschrieben, die Etablierung von
Polaritatsachsen eine essenzielle Voraussetzung flr asymmetrische Zellteilungen
darstellt, wurde zunachst die Zellpolaritat primitiver hamatopoietischer (CD34")

Zellen untersucht.

Zu Beginn meiner Arbeit gab es in der Arbeitsgruppe bereits erste Hinweise
darauf, dass kultivierte CD34" Zellen einen polarisierten Phanotyp annehmen. Es
wurde beobachtet, dass die frisch isolierten, runden Zellen unter
Kulturbedingungen mit bestimmten, frGh wirksamen Zytokinen wachsen, eine

tropfenférmige Gestalt annehmen und zu wandern beginnen (Giebel et al., 2004).

Die polarisierte Zellform der kultivierten CD34" Zellen &hnelte dabei der
Morphologie immunreaktiver Leukozyten, die am vorderen Ende eine Leitfront und
am hinteren Ende einen pseudopodartigen Auslaufer ausbilden, der auch als
Uropod bezeichnet wird (Sanchez-Madrid und del Pozo, 1999). Daher stellte sich
die Frage, ob es weitere Parallelen zwischen den polarisierten Phanotypen gibt.
Da fur verschiedene Leukozyten-Oberflachenmolekule eine spezifische
Assoziation mit dem Vorder- oder Hinterende beschrieben wurde (Sanchez-
Madrid und del Pozo, 1999), sollte untersucht werden, ob diese Membranproteine
auch in kultivierten CD34" Zellen entsprechend lokalisiert sind. Nachdem die
Expression der Proteine bereits bestatigt wurde, deuteten erste Farbeversuche in
der Arbeitsgruppe darauf hin, dass bestimmte Zelladhasionsmolekuile, die am
hinteren Ende immunreaktiver Leukozyten angereichert sind, auch bei CD34"

Zellen im Uropod lokalisiert sind.

Um die Lokalisation der leukozytenspezifischen Oberflachenantigene in CD34"
Zellen untersuchen zu kénnen, haben wir zu Beginn dieser Arbeiten zunachst
Protokolle etablieren mussen, mit denen sich die polarisierte Morphologie der
kultivierten CD34" Zellen erhalten lasst, und die sich fir eine doppelte
Immunfarbung der CD34" Zellen eignen. Eine Schwierigkeit hierbei war es,
gleichzeitig die polarisierte Morphologie der Zellen durch die Fixierung moglichst
gut zu konservieren, und trotz der zum Teil fixierungssensitiven Epitope
reproduzierbare Farbeergebnisse zu erzielen. Da die meisten der kommerziellen

Antikorper gegen Leukozyten-Antigene aus der Maus stammen und es unser Ziel
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war, Doppelfarbungen mit einem murinen Antikbrper gegen den
Stammzellsurrogatmarker CD133 durchzufihren, haben wir unsere Protokolle
entsprechend optimiert. StandardmaRig kénnen wir nun CD34" Zellen mit zwei
unterschiedlichen primaren Antikérpern, die beide aus der Maus stammen, unter
Verwendung fluoreszenzmarkierter Sekundarantikérper far die

Fluoreszenzmikroskopie farben.

5.1 ldentifizierung von polar verteilten

Zelloberflaichenproteinen in CD34" Zellen

Da unserer Arbeitshypothese entsprechend polar lokalisierte Faktoren potenzielle
Kandidaten fur eine asymmetrische Segregation wahrend der Mitose sind, sollten
Molekiile in CD34" Zellen identifiziert werden, die dieses Kriterium erfiillen. Dazu
wurde mithilfe von Immunfarbungen an CD34" Zellen die Verteilung der aus
immunreaktiven Leukozyten bekannten Uropodmarker ICAM-1/CD54, ICAM-
3/CD50, CD43, CD44 sowie die des Leitfront-assoziierten Chemokinrezeptors
CXCR4 und des Gangliosids GM3 untersucht (Sanchez-Madrid und del Pozo,
1999; Gomez-Mouton et al., 2001).

Bei der Analyse der gefarbten CD34" Zellen, die zuvor fir zwei Tage in Gegenwart
bestimmter, frih wirksamer Zytokine kultiviert wurden, fanden wir, dass die
Membranproteine CD43, CD44, ICAM-3/CD50 und ICAM-1/CD54 in polarisierten
Zellen spezifisch im Uropod lokalisiert sind. Dagegen sind der Chemokinrezeptor
CXCR4 und das Gangliosid GM3 stark im Bereich der Leitfront angereichert
(Giebel et al., 2004). Die Ahnlichkeiten zwischen peripheren Leukozyten und
CD34" Zellen manifestierten sich daher auch in der Verteilung bestimmter

Zelloberflachenantigene.

Da CD133/Prominin-1, das in hamatopoietischen Zellen als
Stammzellsurrogatmarker fungiert, in anderen Zelltypen bevorzugt auf
Plasmamembranauslaufern zu finden ist (Corbeil et al., 1999; Corbeil et al., 2001;
Mizrak et al., 2008), sollte analysiert werden, ob CD133 auch in CD34" Zellen eine
polare Verteilung aufweist. Dabei zeigte sich, dass CD133 stark in der Spitze des
Uropods angereichert ist (Abbildung 5-1). Im Gegensatz zu den Uropod- und

Leitfront-assoziierten Membranproteinen waren der Stammzellsurrogatmarker
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CD34 und der Leukozytenmarker CD45 gleichmallig Uber die Zelloberflache

verteilt und wiesen keine Praferenz fur einen der Zellpole auf (Giebel et al., 2004).

do

Abbildung 5-1: Verteilung von CD133 in frisch isolierten und in kultivierten CD34"
Zellen. Frisch isolierte CD34" Zellen sind klein und rund (linke Spalte). Unter bestimmten
Kulturbedingungen nehmen die meisten Zellen nach 1-2 Tagen eine polare Morphologie
an (rechte Spalte). Wahrend CD133 (rote Farbung) in frisch isolierten Zellen Uber die
Zelloberflache verteilt ist, kommt es in kultivierten, polarisierten Zellen zu einer
Anreicherung von CD133 im Uropod der Zellen (rechte Spalte). MaRstab entspricht 5 pM.
d: Tag.
Zusammenfassend konnten wir im Rahmen meiner Arbeiten anhand der
Zellmorphologie und in Farbungen nachweisen, dass CD34" Zellen eine Polaritat
annehmen, die sich auch in der subzellularen Assoziation bestimmter Antigene mit
den Zellpolen widerspiegelt. Damit haben wir erstmals gezeigt, dass CD34" Zellen
in  Kultur eine Zellpolaritdt aufbauen. Der Fragestellung dieser Arbeit
entsprechend, ob sich HSZ/HVZ asymmetrisch teilen kdnnen, erfullen diese Zellen

demnach eine essenzielle Voraussetzung.

Die hier dargestellten Ergebnisse zur Zellpolaritat primitiver humaner
hamatopoietischer Zellen wurden unter dem Titel ,,Segregation of lipid raft
markers including CD133 in polarized human hematopoietic stem and

progenitor cells” (Giebel et al., 2004) (siehe 10.1) veroffentlicht.
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5.2 Untersuchungen zur Zellteilung von CD34" Zellen

Nachdem wir Proteine identifizieren konnten, die in kultivierten CD34" Zellen polar
verteilt sind, schloss sich die Frage an, wie diese Uropod- oder Leitfront-
assoziierten Faktoren in mitotischen Zellen verteilt sind. Da wir uns gegen eine
Synchronisation der Zellen entschieden hatten, war es unser Ziel, einen Zeitpunkt
zu ermitteln, zu dem sich moglichst viele Zellen teilen, um dementsprechend
ausreichend viele Mitosen analysieren zu konnen. Daher wurde zunachst das

Teilungsverhalten von CD34" Zellen in Proliferationskinetiken untersucht.

5.2.1 Untersuchung des Proliferationsverhaltens von CD34"

Zellen unter verschiedenen Kulturbedingungen

Mit dem Ziel, einen Zeitpunkt zu ermitteln, zu dem sich maoglichst viele primitive
Zellen teilen, wurden Proliferationskinetiken erstellt. Dazu wurden die CD34"
Zellen fur mehrere Tage mit zwei verschiedenen Zytokingemischen inkubiert. Fir
diese beiden Zytokinkombinationen haben Punzel und Kollegen eine
unterschiedliche Wirkung auf das Proliferationsverhalten der Zellen beschrieben
(Punzel et al., 2002). Weiterhin konnte gezeigt werden, dass sich dabei trotz der
unterschiedlichen Proliferationsraten die Frequenz der Zellteilungen, aus denen
voneinander unterschiedliche Tochterzellen hervorgehen, nicht andert. Die
Unterschiede zwischen den Tochterzellen wurden hierbei anhand des weiteren
Teilungsverhaltens der Zellen ermittelt. Die initiale Zellteilung wurde als
asymmetrisch bewertet, wenn die eine Tochterzelle weitere Nachkommen
hervorbrachte, wahrend die andere nicht weiter proliferierte oder starb (Punzel et
al., 2002).

Ein Zytokingemisch enthielt die Zytokine stem cell factor (SCF), Makrophagen-
Kolonie stimulierender Faktor (FMS)-ahnliche Tyrosinkinase-3-Ligand (FIt3-L) und
Thrombopoietin (TPO), die auch als fruh wirksame Zytokine bezeichnet werden.
Punzel und Kollegen konnten zeigen, dass in Gegenwart dieser Zytokine die
meisten Zellen, einschliel3lich der primitiven Zellen, relativ schnell beginnen sich
zu teilen (Punzel et al.,, 2002). Aulerdem wurde beschrieben, dass diese
Zytokinkombination zur Erhaltung und einer leichten Expansion von humanen
hamatopoietischen Zellen mit Repopulationspotenzial in Suspensionskultur
beitragt (Kobayashi et al., 1997; Ohmizono et al., 1997; Luens et al., 1998). Mit
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der zweiten Kombination aus den sogenannten spat wirksamen Zytokinen
Interleukin-3  (IL-3), Interleukin-6 (IL-6), Granulozyten-Makrophagen-Kolonie
stimulierender Faktor (GM-CSF); basischer Fibroblasten Wachstumsfaktor
(bFGF), Insulin-ahnlicher Wachstumsfaktor (IGF), stem cell factor/ c-Kit-Ligand
(SCF) und Erythropoietin (Epo) lie3 sich im Vergleich zu friih wirksamen Zytokinen
eine deutlich starkere Gesamtexpansion der CD34" Zellen erzielen (Punzel et al.,
2002). Da hierbei aber sehr primitive Zellen deutlich langer brauchten, bis sie ihre
initiale Teilung absolvierten, scheint diese Zytokinkombination zunachst nur die
Proliferation von reiferen Zellen zu beglnstigen, die dann zu der beobachteten

starkeren Gesamtexpansion der Zellen fuhrte (Punzel et al., 2002).

Um das Teilungsverhalten der Zellen verfolgen zu kdnnen, wurden frisch isolierte
CD34" Zellen mit dem fluoreszierenden Lebendfarbstoff PKH2 gefarbt. PKH2
lagert sich in die Plasmamembran der Zellen ein (Slezak und Horan, 1989), und
bei einer Zellteilung der gefarbten Zellen erhalten beide Tochterzellen gleiche
Mengen des Farbstoffs. Dies hat zur Folge, dass sich bei jeder Zellteilung die
Fluoreszenzintensitat der Tochterzellen im Vergleich zur Mutterzelle halbiert
(Lansdorp und Dragowska, 1993; Traycoff et al., 1995; Hendrikx et al., 1996;
Punzel und Ho, 2001). Daher lasst die Fluoreszenzintensitat der Zellen zu einem
gegebenen Zeitpunkt einen Rlckschluss auf die Anzahl der bis dahin absolvierten

Teilungen zu.

Zur Dokumentation der Proliferation wurden in regelmafRigen Abstanden Zellen
aus der Kultur entnommen und im Durchflusszytometer bezuglich der PKH2-
Farbung und ihrer CD34- und CD133-Expression untersucht (Giebel et al., 2006).

Dabei zeigte sich, dass sich unter beiden Kulturbedingungen die urspringlich
CD34"CD133" doppeltpositiven Zellen ab Tag 3 in eine CD34*CD133* (CD133"")
und eine CD34"CD133 (CD133"") Fraktion aufteilen (Abbildung 5-2). Dabei stieg
der prozentuale Anteil der CD34°CD133" Zellen mit der Lénge der Kulturdauer
(Giebel et al., 2006).

Anhand der PKH2-Fluoreszenzintensitat der Zellen liel3 sich ermitteln, dass sich in
Gegenwart von spat wirksamen Zytokinen CD34"CD133" Zellen deutlich haufiger
teilen als CD34°CD133" Zellen. Dagegen teilten sich unter Kulturbedingungen mit
frih wirksamen Zytokinen alle CD34" Zellen Uber den gesamten Messzeitraum
annahernd gleich haufig (Giebel et al., 2006).
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Daher haben wir uns fir die Kultur in Gegenwart von friih wirksamen Zytokinen
entschieden, um moglichst viele mitotische Zellen in weiteren Analysen
untersuchen zu kdénnen. Dabei wurden Tag 3 Zellen verwendet, da PKH2-Studien
ergaben, dass die meisten Zellen ihre erste Teilung zwischen Tag 2 und 3
absolvieren und mit jeder weiteren Zellteilung das Entwicklungspotenzial der

Zellen eingeschrankt werden kann (Beckmann et al., 2007).
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Abbildung 5-2: Verlauf der CD133-Expression bei CD34" Zellen. Die
Punktediagramme zeigen die durchflusszytometrische Analyse der CD133- und CD34-
Expression von frisch isolierten Tag 0 (d0) und fiir 3 (d3) und 5 Tage (d5) kultivierten
CD34" Zellen. Die Zellen wurden an den entsprechenden Tagen mit fluoreszenz-
konjugierten Antikdrpern gegen CD133 und CD34 gefarbt und im Durchflusszytometer
analysiert. Der groRte Teil der frisch isolierten CD34" Zellen (d0) ist auch positiv fiir
CD133. Im Verlauf der Kultur in Gegenwart von frihwirksamen Zytokinen treten ab Tag
3 (d3) neben den CD34*CD133" Zellen (CD133"9"-Region) auch Zellen auf, die wenig
oder gar kein CD133 exprimieren (CD133"“-Region).
Der Vergleich der Kinetiken mit frih und spat wirksamen Zytokinen ist in dem
Manuskript ,,Primitive human hematopoietic cells give rise to differentially
specified daughter cells upon their initial cell division“ (Giebel et al., 2006)
(siehe 10.2) verdffentlicht worden. Der zeitliche Verlauf der Proliferation von
CD34" Zellen, die mit friih wirksamen Zytokinen kultiviert wurden, ist in
»Asymmetric cell division within the human hematopoietic stem and
progenitor cell compartment: identification of asymmetrically segregating

proteins® (Beckmann et al., 2007) (siehe 10.4) dargestellt.

Weiterhin haben wir mit Hilfe solcher Kinetiken zeigen kdnnen, dass die
genetische Manipulation von CD34" Zellen mittels Nukleofektion keine Auswirkung
auf die Expression von CD133 und CD34 und das Verhaltnis zwischen

CD34"CD133" und CD34'CD133  Zellen hat. Anhand dieser und weiterer
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Ergebnissen zum Langzeitentwicklungspotenzial transfizierter Zellen konnten wir
zeigen, dass die Methode der Nukleofektion zur Manipulation von CD34" Zellen
geeignet ist. Diese Arbeiten haben wir unter dem Titel ,,Nucleofection, an
Efficient Nonviral Method to Transfer Genes into Human Hematopoietic Stem

and Progenitor Cells“ (von Levetzow et al., 2006) (siehe 10.3) veroffentlicht.

5.2.2 Verteilung von Polaritatsmarkern in mitotischen Zellen

Aufgrund der Proliferationsanalysen haben wir uns entschieden, Zellen in
Gegenwart von frih wirksamen Zytokinen fur 3 Tage zu vermehren, um maoglichst
viele Mitosen analysieren zu koénnen. In Immunfarbungen haben wir die
subzellulare Verteilung der zuvor identifizierten Polaritatsmarker untersucht. Ziel
hierbei war es herauszufinden, wie diese Proteine in mitotischen Zellen verteilt

sind.

CD133 ICAM-3

Abbildung 5-3: Verteilung des Uropod-assoziierten Proteins ICAM-3/CD50 in
mitotischen CD34" Zellen. CD34" Zellen wurden in Gegenwart von friih wirksamen
Zytokinen kultiviert und an Tag 3 mit Antikdrpern gegen CD133 (rot) und gegen ICAM-
3/CD50 (griin) gefarbt. Sowohl der Stammzellmarker CD133 als auch ICAM-3 wird in
sich teilenden Zellen in der Zytoplasmabriicke zwischen den Tochterzellen
angereichert. Die Zellkerne wurden mit DAPI (blau) angefarbt.

Es zeigte sich, dass CD43, CD44, ICAM-3/CD50, ICAM-1/CD54 sowie CD133
zuerst in der Teilungsfurche und spater hauptsachlich im Midbody, einer Struktur
der schmalen zytoplasmatischen Verbindung zwischen den beiden Tochterzellen
(Otegui et al., 2005), angereichert werden (Beckmann et al., 2007). In Abbildung
5-3 ist exemplarisch eine mitotische CD34" Zelle dargestellt, die mit Antikbrpern
gegen CD133 und ICAM-3/CD50 gefarbt wurde, bei der eine Anreicherung von
CD133 und ICAM-3/CD50 in der Zytoplasmabricke zwischen den beiden
Tochterzellen zu erkennen ist. Der Chemokinrezeptor CXCR4 war dagegen eher
starker in den aulleren, vom Midbody abgewandten Halften der beiden

Tochterzellen konzentriert (eigene, unveroffentlichte Beobachtung). Damit konnte
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gezeigt werden, dass die fur Zellen mit polarisierter Morphologie beschriebene

polare Verteilung bestimmter Faktoren auch in der Mitose erhalten bleibt.

Diese Arbeiten sind als Teil der Publikation ,,Asymmetric cell division within the
human hematopoietic stem and progenitor cell compartment: identification
of asymmetrically segregating proteins“ (Beckmann et al., 2007) (siehe 10.4)

veroffentlicht.

Auch wenn wir zeigen konnten, dass mitotische CD34" Zellen eine Polaritat
aufweisen, fanden wir keine Hinweise auf eine asymmetrische Verteilung eines
der untersuchten Proteine. Daraus haben wir die Schlussfolgerung gezogen, dass
sich die CD34" Zellen unter den verwendeten Bedingungen entweder nicht
asymmetrisch teilen oder andere Proteine existieren, die asymmetrisch verteilt

werden.

Um solche Kandidaten zu identifizieren, haben wir verschiedene Uberlegungen
angestellt und daraus einen neuen Ansatz fur die Suche nach asymmetrisch
segregierenden Faktoren entwickelt. Auch wenn unsere Analyse von mitotischen
Zellen dies nicht bestatigen konnte, lasst sich die differenzielle CD133 Expression
bei kultivierten CD34" Zellen (Abbildung 5-2) hypothetisch dadurch erklaren, dass
sich ein Teil der urspriinglich CD34"CD133" Zellen asymmetrisch teilt und dabei
jeweils eine weitere primitive CD34"CD133" und eine reifere CD34"'CD133" Zelle
entstehen. Verschiedene Arbeitsgruppen haben beobachtet, dass sich etwa 30%
der Tochterzellen primitiver hamatopoietischer Zellen unterschiedlich voneinander
entwickeln, und allgemein wurden asymmetrische Zellteilungen als Ursache
hierfGr angenommen (Mayani et al., 1993; Brummendorf et al., 1998; Punzel et al.,
2002). Wenn man infolgedessen annimmt, dass sich 30% der CD34'CD133"
Zellen asymmetrisch teilen und dabei CD34°CD133" und CD34°CD133" Zellen
hervorbringen, wirde man mit steigender Anzahl von Zellteilungen eine Abnahme
des Anteils von CD34°CD133" Zellen zugunsten des Anteils von CD34"CD133
Zellen erwarten. Da die beobachtete Kinetik der CD133 Expression im Verlauf der
Kultur CD34" Zellen mit diesem Modell der asymmetrischen Zellteilung vereinbar
war (Beckmann et al.,, 2007), CD133 aber scheinbar unter den verwendeten
Kulturbedingungen nicht asymmetrisch verteilt wird, haben wir angenommen, dass
andere Proteine, die differenziell in der CD34"CD133" und CD34"CD133" Fraktion

exprimiert werden, Kandidaten fur eine asymmetrische Verteilung wahrend der
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Mitose sind. Daher haben wir uns entschlossen, nach solchen Faktoren zu

suchen.

5.2.3 Identifizierung von asymmetrisch segregierenden

Proteinen

Um Faktoren zu identifizieren, die differenziell auf der CD34"CD133"" und der
CD34'CD133"°" Population exprimiert sind, habe ich zusammen mit dem

Diplomand Sebastian Scheitza entsprechende Kinetiken erstellt.

In einer durchflusszytometrischen Analyse mit 58 Antikérpern gegen
unterschiedliche Leukozytenoberflachenantigene haben wir 39 Proteine gefunden,
die auf kultivierten CD34" Zellen exprimiert sind. Davon waren 19 Antigene
unterschiedlich stark in der CD34'CD133"" und CD34°CD133"" Fraktion
exprimiert. Aus diesen 19 Proteinen wurden mit CD53, CD63/LAMP-3, CD62L/L-
Selektin und CD71/Transferrinrezeptor 4 Oberflachenantigene fur weitere
Analysen ausgewahlt, da ihr Expressionslevel den starksten Kontrast zwischen

den beiden Populationen aufzeigte (Beckmann et al., 2007).
5.2.3.1 Subzelluldre Verteilung von CD53, CD62L, CD63 und CD71 in
polarisierten CD34" Zellen
Fir die subzelluldre Lokalisation wurden kultivierte CD34" Zellen mit Antikdrpern
gegen CD53, CD62L, CD63 oder CD71 gefarbt. Dabei fanden wir, dass CD62L in
Zellen mit polarisierter Morphologie in der Spitze des Uropods angereichert ist,

wahrend CD53 und CD63 in vesikelahnlichen Strukturen an der Basis des

Uropods zu finden sind (Beckmann et al., 2007).

In dieser Region war auch der auf der gesamten Zelloberflache vorkommende
Transferrinrezeptor CD71 in vesikelahnlichen Strukturen angereichert (Beckmann
et al., 2007).

5.2.3.2 Funktionelle Charakterisierung der neu identifizierten

Subpopulationen von CD34" Zellen

Mit dem Ziel festzustellen, ob die differenzielle Expression der neu identifizierten
Proteine innerhalb der beiden Subpopulationen von CD34" Zellen mit funktionellen

Unterschieden korreliert, wurden funktionelle Analysen durchgefuhrt.
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Dazu wurden die Subfraktionen der CD34" Zellen zunachst sortiert und
anschlieBend in einem eingangs beschriebenen Langzeit-Analyse-Verfahren
(LTC-IC) (siehe 4.2.2) bezuglich ihres myeloischen Entwicklungspotenzials
charakterisiert. In Abbildung 5-4 ist die Strategie zur Zellsortierung am Beispiel
von CD62L dargestellt.

Dabei zeigte sich, dass die in Kombination mit den neuen Markern isolierte
CD34'CD133" Fraktion signifikant mehr primitive Zellen enthalt als die
entsprechende CD34"'CD133°" bzw. die CD34" Kontrollfraktion (Beckmann et al.,
2007). Somit kdnnen CD53, CD63, CD62L und CD71 in Kombination mit CD133

fir die Charakterisierung primitiver Zellen innerhalb der CD34" Fraktion dienen.

re-sort resort resort
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Abbildung 5-4: Strategie fiir die Zellsortierung anhand der Expression von
CD62L. CD34" Zellen wurden an Tag 3 vor der Zellsortierung mit Antikérpern gegen
CD133, CD62L und CD34 gefarbt. Das erste Punktediagramm (pre-sort) zeigt die
durchflusszytometrische Analyse von lebenden CD34" Zellen in Bezug auf ihre CD133-
und CD62L-Expression. Diese  Zellen wurden nach den Kriterien
CD34'CD133""CD62L""  (CD133"9"-Region) sowie = CD34'CD133°“CD62L""
(CD133""-Region) sortiert. Ein Teil der sortierten Zellfraktionen wurde anschlieRend zur
Kontrolle der Reinheit reanalysiert (resort, zweites und drittes Punktediagramm).

Diese Befunde deuten auf einen Zusammenhang zwischen der Expression der
neu identifizierten Proteine und dem Schicksal der Zellen hin. Daher sollte gezeigt
werden, ob die Unterschiede zwischen den Subfraktionen in Bezug auf die
Expression von CD53, CD62L, CD63 oder CD71 — wie eingangs angenommen -
durch eine asymmetrische Verteilung dieser Faktoren wahrend der Mitose

zustande kommt.
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5.2.3.3 Subzelluldre Verteilung der neu identifizierten Antigene in sich

teilenden CD34" Zellen

Um diese Frage zu beantworten, haben wir im Anschluss daran die subzellulare
Verteilung der Antigene in sich teilenden CD34"CD133" Zellen untersucht.

Dabei fanden wir sowohl in extrazellularen Farbungen mit Antikérpern gegen
CD53, CD62L, CD63 als auch gegen CD71 Mitosen, bei denen die Tochterzellen
unterschiedlich stark angefarbt waren, was auf eine unterschiedliche Verteilung
der Proteine zwischen den Geschwisterzellen hindeutet (Beckmann et al., 2007).
In Abbildung 5-5 sind am Beispiel von einer Farbung mit Antikdrpern gegen
CD62L (griin) zwei mitotische CD34" Zellen dargestellt. Dabei weist die sich
teilende Zellen in der oberen Reihe eine symmetrische Verteilung von CD62L auf
die beiden Tochterzellen auf, wahrend die Verteilung bei der zweiten Mitose

asymmetrisch ist.

CD133 CD62L merge DAPI
& .1- ¥
CD133 CD62L DAPI

Abbildung 5-5: Verteilung von CD62L auf der Oberfliche von mitotischen CD34"
Zellen. CD34" Zellen wurden in Gegenwart von friih wirksamen Zytokinen kultiviert und
an Tag 3 mit Antikérpern gegen CD133 (rot) und gegen CD62L (grin) gefarbt. In der
oberen Reihe ist eine Mitose dargestellt, bei der beide Tochterzellen ahnlich positiv flir
CD62L sind (symmetrische Verteilung von CD62L). Die untere Reihe zeigt eine Mitose,
bei der die eine Tochterzelle deutlich starker positiv fir CD62L ist als die andere
Tochterzelle (asymmetrische Verteilung von CD62L). Die Verteilung von CD133 (rot)
auf die Tochterzellen ist dagegen in beiden Fallen gleichmaRig. Die Zellkerne wurden
mit DAPI (blau) angefarbt.

Weiterhin wurde in den Farbungen mit Antikdrpern gegen CD53, CD63 oder CD71
ein vesikelahnliches Farbemuster beobachtet. Da fur CD53, CD63 und auch fur
den Transferrinrezeptor CD71 eine Assoziation mit Endozytose beschrieben
wurde (Escola et al., 1998; Arribas und Cutler, 2000; Kobayashi et al., 2000; Qian
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et al., 2002)., vermuteten wir, dass es sich bei den vesikelahnlichen Strukturen

maoglicherweise um abknospende Endosomen handelt.

Aufgrund dieser Verbindung zur Endozytose wurde untersucht, ob sich die
asymmetrische Verteilung der identifizierten Proteine auch auf intrazellularer
Ebene manifestiert. In intrazellularen Doppelfarbungen mit Antikbrpern gegen
CD63 und CD71 wurden ebenfalls vesikelartige Strukturen angefarbt, und das
Farbemuster deutete auf eine Colokalisation von CD63 und CD71 hin. Da auch in
diesen Farbungen ein bestimmter Anteil von Mitosen gefunden wurde, bei denen
die Tochterzellen unterschiedliche Mengen der CD63*CD71" Strukturen
enthielten, konnte die asymmetrische Verteilung von CD63 und CD71 auf

intrazellularer Ebene bestatigt werden (Beckmann et al., 2007).

Die in diesen Versuchen ermittelte Frequenz von Mitosen mit einer
asymmetrischen Proteinverteilung liegt bei 20-30% (Beckmann et al., 2007). Damit
entspricht sie in etwa der von verschiedenen Gruppen beschriebenen Haufigkeit,
mit der sich Tochterzellen primitiver hamatopoietischer Zellen unterschiedlich
voneinander entwickeln (Mayani et al., 1993; Brummendorf et al., 1998; Punzel et
al., 2002).

Somit ist es uns gelungen, Faktoren zu identifizieren, die in einem Teil der Mitosen
asymmetrisch auf die Tochterzellen verteilt werden. Wir konnten damit zum ersten
Mal zeigen, dass HSZ/HVZ tatsachlich in der Lage sind, sich asymmetrisch zu
teilen. Daher konnte die Frage nach der Existenz einer asymmetrischen
Zellteilung, die die Grundlage fur die in dieser Arbeit durchgeflihrten Versuche

bildete, klar beantwortet werden.

Diese hier beschriebenen Ergebnisse haben wir unter dem Titel ,,Asymmetric
cell division within the human hematopoietic stem and progenitor cell
compartment: identification of asymmetrically segregating proteins*
(Beckmann et al., 2007) (siehe 10.4) veroffentlicht.

5.2.4 Asymmetrische Zellteilung und Endozytose

In weiteren Versuchen wurde untersucht, ob das in Farbungen mit Antikorpern
gegen CD53, CD63 und CD71 beobachtete vesikelahnliche Farbemuster an der
Uropodbasis durch Vesikel entsteht, die in diesem Bereich abgeschnurt werden.

AufschluRR hierliber sollte eine intrazellulare Farbung von CD34" Zellen geben,
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denen zuvor unter Kulturbedingungen die Gelegenheit gegeben wurde,
gebundene Antikorper zu internalisieren. Dazu wurden lebende Zellen mit
Antikorpern gegen CD71 gefarbt, gewaschen, fur kurze Zeit weiterkultiviert und
anschlieflend fixiert. Mithilfe von zwei unterschiedlichen Sekundarantikérpern
habe ich gleichzeitig die extra- und intrazellulare Verteilung des Primarantikorpers
untersucht. Die in der extrazellularen Farbung beobachtete Anreicherung an der
Basis des Uropods stimmte mit dem Farbemuster in Zellen Uberein, die vor der
Farbung mit dem Primarantikorper bereits fixiert waren. Da auch die meisten der
markierten intrazellularen vesikelartigen Strukturen in dieser Region zu finden
waren, scheint deren Internalisierung hauptsachlich am Uropod stattzufinden
(eigene, unveroffentlichte Beobachtungen). Diese Befunde deuten darauf hin,
dass es sich bei den extrazelluldar angefarbten Plasmamembranregionen
tatsachlich um Bereiche handelt, die in Form von Vesikeln abgeschnurt werden
kénnen. Dies wird auch unterstitzt durch Arbeiten von Hoffstein und Kollegen, die
in elektronenmikroskopischen Untersuchungen von Neutrophilen ebenfalls eine
Anreicherung von endozytotischen Vesikeln an der Basis des Uropods
beschrieben haben (Hoffstein et al., 1982).

In neueren Untersuchungen bei Modellorganismen konnte ein Zusammenhang
zwischen Endozytose und dem Zellschicksal der entstehenden Tochterzellen
nachgewiesen werden (Shen und Temple, 2002; Bokel et al., 2006; Andrews und
Ahringer, 2007). Auch fir CD53, CD63 und CD71 wurde eine Assoziation mit
intrazellularen Vesikeln beschrieben (Escola et al., 1998; Arribas und Cutler, 2000;
Kobayashi et al., 2000; Qian et al., 2002). Da das Farbemuster in einem Teil der
Mitosen auf eine asymmetrische Verteilung dieser Proteine auf die Tochterzellen
hindeutete (Beckmann et al., 2007), ergibt sich moglicherweise im
hamatopoietischen Kompartiment ein ahnlicher Zusammenhang zwischen

Endozytose und dem Zellschicksal.

Einen Uberblick Uber Befunde, die auf eine Verbindung zwischen dem
endosomalen Kompartiment und Zellschicksalsentscheidungen hindeuten, haben
wir unter dem Titel ,,Asymmetric cell divisions of human hematopoietic stem
and progenitor cells meet endosomes* (Giebel und Beckmann, 2007) (siehe
10.5) veroffentlicht.
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5.3 Funktionelle Analyse der Zellpolaritat und der Migration
bei CD34" Zellen

Nachdem wir erstmals die Polaritat in kultivierten mitotischen und nicht-
mitotischen Zellen darstellen konnten, haben wir begonnen, Mechanismen zu

analysieren, die am Aufbau und dem Erhalt dieser Polaritat beteiligt sind.

Zu Beginn haben wir uns dabei auf Signalwege konzentriert, die bei der
zielgerichteten Rickkehr von HSZ aus der Blutbahn an ihren Entstehungsort im
Knochenmark, dem sogenannten Homing, eine Rolle spielen. Die Uberlegung
hierbei war, dass viele Mechanismen, die am Homing-Prozess beteiligt sind, auch
die Zellwanderung steuern. Da Zellpolaritat wiederum eine Voraussetzung fur
Migration ist (Lauffenburger und Horwitz, 1996), haben wir untersucht, ob die aus
dem Homing bekannten Signalwege bereits auf der Ebene des

Polarisierungsprozesses von HSZ/HVZ eine Rolle spielen.

Im adulten Organismus enthdlt das periphere Blut unter physiologischen
Bedingungen immer eine sehr geringe Anzahl von HSZ/HVZ. Diese zirkulierenden
Zellen konnen in verschiedene Gewebe wandern und anschlie3end aufgrund ihrer
Homing-Fahigkeit auch wieder in ihre funktionellen Nischen im Knochenmark oder
in anderen Organen zurtckkehren (Wright et al., 2001; Abkowitz et al., 2003). Um
aus dem peripheren Blut wieder zuruck ins Knochenmark zu gelangen, mussen
HSZ/HVZ die Endothelschicht passieren, was man auch als Transmigration
bezeichnet. Es konnte gezeigt werden, dass fir den Homing-Prozess ein
koordiniertes Zusammenspiel verschiedener Mechanismen und Signalwege
erforderlich ist (Lapidot et al., 2005; Chute, 2006). Wichtige Signalmolekile sind
hierbei unter anderem der Chemokinrezeptor CXCR4 (Aiuti et al., 1997; Kawabata
et al.,, 1999; Peled et al.,, 1999; Kollet et al., 2001; Bonig et al., 2004), die
Phosphatidyl-Inositol-3-Kinase (PI3K) (Wang et al., 2000; Whetton et al., 2003),
die atypische Proteinkinase C (aPKC) (Kollet et al., 2001; Petit et al., 2005) und
GTPasen der Rho-Familie (Gu et al., 2003; Gottig et al., 2006; Yang et al., 2007).

Die Rolle einiger aus dem Homing Dbekannter Signalwege im
Polarisierungsprozess von CD34" Zellen wurde untersucht, indem die Zellen vor
der Analyse mit unterschiedlichen Inhibitoren und Toxinen behandelt wurden, die
mit verschiedenen Wegen der Signaltransduktion interferieren. Da der

Polarisierungsprozess und die Zellwanderung mit einer dynamischen
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Reorganisation des Zytoskeletts verbunden sind, wurde zusatzlich Gberprift, wie
sich eine Manipulation des Aktin- und Mikrotubuli-Zytoskeletts auf die Polaritat und
die Wanderung der CD34" Zellen auswirkt.

Ziel hierbei war es herauszufinden, ob die Blockade einzelner Signalwege einen
Einfluss auf die Zellform und die Polaritat auf subzellularer Ebene hat, die sich in
Form von polar lokalisierten Faktoren manifestiert. Zusatzlich zur Zellpolaritat kann
durch die Analyse der Zellwanderung in Transmigrationsversuchen
(Transwellassays) Uberpruft werden, ob sich die fur die Ruckkehr in das
Knochenmark relevante Transmigrationsfahigkeit der Zellen infolge einer Inhibitor-
Behandlung verandert. Somit kann unterschieden werden, ob die in der Literatur
beschriebene reduzierte Homing-Fahigkeit der Zellen bereits durch eine Blockade
auf der Ebene der intrinsischen oder morphologischen Polarisierung zustande

kommt oder ob die Transmigration der Zellen gestort ist.

Um weiterhin unterscheiden zu kdnnen, ob bestimmte Signale oder Mechanismen
wichtig fur den Aufbau und/oder den Erhalt der Polaritat sind, habe ich zwei
verschiedene Versuchsansatze gewahlt. Einerseits wurden frisch isolierte Zellen
mit den Inhibitoren behandelt, um eine Beteiligung am initialen Aufbau der
Polaritat zu Uberprifen. Inwieweit ein Signal andererseits wichtig fur den Erhalt der
Polaritat ist, sollte durch die Behandlung bereits polarisierter Zellen geklart

werden.

Fir die Auswertung wurde die Morphologie der Zellen beurteilt. Ob die Zellen auf
subzellularer Ebene Zeichen einer Polaritat aufweisen, wurde in Immunfarbungen
die Verteilung verschiedener Proteine untersucht. Diese auf eine polare
Lokalisation von Proteinen bezogene Form der Zellpolaritat haben wir im

Folgenden auch als intrinsische Polaritat bezeichnet.

In diesen Lokalisationsstudien wurde unter anderem die Verteilung der lipid raft
assoziierten Flotillin-Proteine untersucht. Als lipid rafts werden bestimmte
Mikrodomanen der Plasmamembran bezeichnet, die sich in ihrer Lipid- und
Proteinzusammensetzung vom Rest der Membran unterscheiden. Aufgrund dieser
Eigenschaften kdnnen lipid rafts die Interaktion bestimmter Signalproteine férdern
oder verhindern. Ein Beispiel hierfur ist die Aktivierung von T-Zellen durch den
Kontakt mit antigenprasentierende Zellen, die mit einer Umverteilung von lipid rafts

in die Kontaktzone einhergeht (Viola et al., 1999). In dieser Kontaktzone wird die
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Assemblierung von Signalkomplexen und die Signalamplifikation unterstitzt,
indem bestimmte Signalmolekule in lipid rafts rekrutiert werden (Alonso und Millan,
2001; Cheng et al., 2001; Sedwick und Altman, 2002). Flotillinproteine sind mit
einer bestimmten Subklasse von lipid rafts assoziiert, die in nicht aktivierten
Immunzellen im Gegensatz zu anderen lipid raft-Arten bereits eine polare
Verteilung aufweisen (Rajendran et al., 2003). Da die polare Flotillinlokalisation zu
den ersten detektierbaren Ereignissen im Polarisierungsprozess reifer
hamatopoietischer Zellen gehort, die der polaren Anordnung anderer
charakteristischer Polaritatsmarker vorausgeht (Rajendran et al., 2003), sollte
untersucht werden, ob dies auch fir primitive hamatopoietische Zellen zutrifft. Aus
diesem Grund wurden die Flotillinproteine fur den Lokalisationsvergleich mit dem
Uropodmarker ICAM-3/CD50 ausgewahlt, der ebenfalls mit lipid rafts assoziiert ist
(Gomez-Mouton et al., 2001; Millan et al., 2002).

Abbildung 5-6 zeigt exemplarisch Aufnahmen von Zellen, die mit Antikérpern
gegen Flotillin-1 und ICAM-3/CD50 gefarbt wurden. Die Untersuchung der
Flotillinverteilung in unbehandelten CD34" Zellen ergab, dass Flotillin-1 (Abbildung
5-6A) und Flotillin-2 in den meisten der frisch isolierten, morphologisch nicht
polarisierten Zellen Uber die ganze Zelloberflache verteilt sind. Bei 25% der Zellen
lie® sich eine einseitige, kappenahnliche Konzentration der Flotilline beobachten
(Abbildung 5-6B).

In kultivierten, polarisierten Zellen waren die Flotilline mit der Spitze des Uropods
assoziiert (Abbildung 5-6C). Im Gegensatz zu frisch isolierten Zellen wiesen auch
die meisten der kultivierten, morphologisch runden Zellen eine polare Verteilung
der Flotilline auf. Die Farbungen mit Antikérpern gegen Flotillin-2 lieferten ahnliche

Ergebnisse (Beckmann et al., 2008, eingereicht).

Da die Farbemuster flr ICAM-3/CD50 und Flotilline in polarisierten und auch in
runden Zellen sehr ahnlich waren (Abbildung 5-6), lasst sich vermuten, dass die
Verteilung der ICAM-3/CD50-positiven und Flotillin-positiven lipid rafts in ahnlicher
Weise erfolgt oder dass sich ICAM-3/CD50 und Flotilline in denselben lipid rafts

befinden.

Die Ergebnisse aus den Polaritatsanalysen deuten darauf hin, dass fur den
initialen Aufbau und die Aufrechterhaltung der morphologischen Polaritat der
CD34" Zellen vor allem die Aktivitdt der Phosphatidyl-Inositol-3-Kinase (PI13K), der

39



Ergebnisse und Diskussion

atypischen Protein Kinase C (aPKC) und Rho-GTPasen sowie ein intaktes
Aktinzytoskelett bendtigt wird, und dass in diesem Zusammenhang auch eine

Proteinneusynthese stattfinden muss (Beckmann et al., 2008, eingereicht).

[CAM-3
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Abbildung 5-6: Verteilung von Flotillin-1 und ICAM-3/CD50 in runden und
morphologisch polarisierten CD34" Zellen. CD34" Zellen wurden fiir 2 Tage in
Gegenwart von friih wirksamen Zytokinen kultiviert und anschlieRend mit Antikbrpern
gegen Flotillin-1 (Flot-1, rot) und ICAM-3/CD50 (griin) gefarbt. Kultivierte CD34" Zellen
lassen sich bezuglich ihrer Morphologie und Proteinverteilung in 3 Kategorien einteilen:
(I) runde Zellen mit einer gleichmaligen Oberflachenverteilung von Flotillin-1 und
ICAM-3 (A), (II) runde Zellen mit einer polarisierten Lokalisation von Flotillin-1 und
ICAM-3 (B) und (lll) morphologisch polarisierte Zellen, in denen Flotillin-1 und ICAM-
3/CD50 an der Spitze des Uropods angereichert sind (C).

Im Gegensatz dazu lassen die Untersuchungen zur Etablierung der intrinsischen
Polaritat darauf schlielen, dass hierfur hauptsachlich die Aktivitat der PI3K und
der aPKC wichtig ist. Von den in dieser Arbeit verwendeten Inhibitoren
beeintrachtigte nur die Behandlung der Zellen mit dem PI3K Inhibitor die

Aufrechterhaltung der intrinsischen Polaritat (Beckmann et al., 2008, eingereicht).

Die Integritat der Mikrotubuli war unseren Analysen zufolge nur flr den Aufbau der
morphologischen Polaritat, nicht aber fur die Wanderung sowie den Erhalt der
polarisierten Zellform und der intrinsischen Polaritdt von bereits polarisierten
CD34" Zellen wichtig (Beckmann et al., 2008, eingereicht).
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Bei einer Kurzzeitbehandlung von kultivierten und grotenteils bereits polarisierten
Zellen mit Nocodazol, das die Mikrotubuli-Depolymerisierung fordert, wurde sogar
ein leichter Anstieg des Anteils an Zellen mit polarer Morphologie beobachtet. Die
Transmigrationsrate der behandelten Zellen war aul3erdem deutlich héher als bei
Kontrollzellen (Beckmann et al., 2008, eingereicht). Ahnliche Beobachtungen
wurden auch bei einer Behandlung von immunreaktiven Leukozyten mit
Nocodazol oder Colchicin gemacht, die beide zu einer Induktion der Polarisierung
und Stimulation der Migration gefuhrt haben (Keller et al., 1984; Niggli, 2003).

Es wurde gezeigt, dass das Chemokin SDF-1a eine zentrale Rolle im Homing
Prozess spielt (Aiuti et al., 1997; Kawabata et al., 1999; Peled et al., 1999; Kollet
et al., 2001; Bonig et al., 2004). Dazu passt die Beobachtung, dass CD34" Zellen,
bei denen die Signaltransduktion des SDF-1a-Rezeptors durch die Behandlung
mit Pertussistoxin beeintrachtigt wurde, in Transmigrationsversuchen fast keine
Transmigrationsaktivitdt mehr aufwiesen. Im Gegensatz dazu lie} sich in den
Polaritatsanalysen kein Effekt von Pertussistoxin auf die morphologische und
intrinische  Polaritdt beobachten (Beckmann et al.,, 2008, eingereicht).
Interessanterweise war auch in Zeitrafferaufnahmen von Zellen in
Suspensionskultur  kein  Unterschied zwischen der Fortbewegung von
Pertussistoxin-behandelten und unbehandelten Zellen zu erkennen (eigene,

unveroffentlichte Beobachtung).

Diese Ergebnisse deuten darauf hin, dass die SDF-1a vermittelte
Signaltransduktion durch CXCR4 erst zu einem Zeitpunkt im Homing-Prozess
wichtig ist, zu dem bereits eine Zellpolaritat etabliert werden konnte, und die Zellen

auch in der Lage sind zu wandern.

Zusammengefasst ergaben meine Analysen, dass die meisten Signalwege, die
am Homing von HSZ/HVZ beteiligt sind, bereits im Prozess der Zellpolarisierung
eine Rolle spielen. Da die Flotilline und ICAM-3/CDS50 auch in morphologisch nicht
polarisierten CD34" Zellen oftmals polar verteilt waren, besitzen diese Zellen,
ahnlich wie es fur Leukozyten gezeigt werden konnte, eine intrinsische Polaritat,
die der morphologischen Polarisierung vorausgeht (Rajendran et al., 2003). Die
Ergebnisse zeigen auch, dass CD34" Zellen nur dann wandern, wenn sie eine

polare Morphologie annehmen kdnnen.
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Aufbauend auf den Analysemethoden und Ergebnissen zur Zellpolaritat CD34"
Zellen aus dem ersten Teil der vorliegenden Arbeit wurde durch die Untersuchung
der Zellmorphologie und der intrinsischen Polaritat der Einfluss einiger Signalwege
und Mechanismen auf den Prozess der Zellpolarisierung analysiert. Die hier
dargestellten Ergebnisse haben wir im Februar 2008 unter dem Titel ,,Cell
polarity is a prerequisite for migration and homing of primitive human

hematopoietic cells“ (Beckmann et al., 2008) (siehe 10.6) bei Blood eingereicht.

5.4 Ausblick

In der vorliegenden Arbeit wurde untersucht, ob sich primitive hamatopoietische
Zellen asymmetrisch teilen kdnnen. Mit der ldentifizierung von CD53, CD62L,
CD63 und CD71, die in 20-30% der untersuchten Mitosen asymmetrisch auf die
beiden Tochterzellen verteilt werden, konnte diese Fragestellung klar beantwortet

werden (Beckmann et al., 2007).

Far CD53, CD63 und CD71 wurde zudem eine Assoziation mit intrazellularem
Vesikeltransport beschrieben (Escola et al., 1998; Arribas und Cutler, 2000;
Kobayashi et al., 2000; Qian et al., 2002). Dazu passt unsere Beobachtung, dass
in Farbungen von CD34" Zellen mit den entsprechenden Antikdrpern vesikulare

Strukturen angefarbt wurden (Beckmann et al., 2007).

Es bleibt zu zeigen, mit welchen endosomalen Strukturen CD53, CD63 und CD71
in  mitotischen Zellen assoziiert sind. Die Spezifitdit des intrazellularen
Vesikeltransports wird durch verschiedene Rab-GTPasen koordiniert, die die
Vesikelbildung, ihr Andocken an bestimmte Zielmembranen und die Vesikelfusion
regulieren (Schimmoller et al., 1998; Somsel Rodman und Wandinger-Ness, 2000;
Jordens et al., 2005). So wird z.B. der Vesikeltransport von der Plasmamembran
zu frithen Endosomen oder das Recyling von Vesikeln zur Plasmamembran von
unterschiedlichen, membrangebundenen Rab-GTPasen kontrolliert.
Doppelfarbungen an mitotischen CD34" Zellen mit Antikdrpern gegen Rab5, Rab7
oder Rab11 kdnnten Aufschluss darUber geben, ob es sich bei den asymmetrisch
verteilten Strukturen um frihe, spate bzw. um Recycling-Endosomen handelt.
Diese Versuche kdonnen auch dazu beitragen zu klaren, ob es einen Mechanismus
gibt, der die Verteilung der Endosomen auf die Tochterzellen kontrolliert. In

diesem Zusammenhang konnte bei Zellteilungen von Drosophila melanogaster
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Flugelepithelzellen gezeigt werden, dass bestimmte Endosomen in der Mitose mit
der Spindel assoziiert sind und so kontrolliert auf die Tochterzellen verteilt werden.
Bei einer gestorten Verteilung dieser Endosomen wurden bei den Tochterzellen
Veranderungen des Zellschicksals beobachtet (Bokel et al, 2006).
Doppelfarbungen mit entsprechenden Antikérpern kénnen Aufschluss dartber
geben, ob die vesikelartigen Strukturen in mitotischen CD34" Zellen ebenfalls mit
der Spindel oder mit anderen Zytoskelettkomponenten colokalisieren. Auch
Versuche mit dominant-negativen bzw. konstitutiv-aktiven Rab-Varianten, die der
Arbeitsgruppe zur Verfugung stehen, kdnnen zur Identifizierung von Mechanismen
beitragen, die die Verteilung der vesikularen Strukturen organisieren. Hieran
konnen sich gegebenenfalls Versuche zur Manipulation der Vesikelverteilung und

deren Auswirkung auf das Zellschicksal anschliel3en.

Desweiteren stellt sich die Frage, inwieweit sich eine Uberexpression oder eine
RNAi-vermittelten Reduktion der Genexpression von CD53, CD62L, CD63 oder
CD71 auf das Entwicklungspotenzial der Zellen auswirkt. Spielen diese Proteine
moglicherweise eine ahnliche Rolle wie die Zellschicksalsdeterminanten in
Modellorganismen oder gibt es andere, cosegregierende Faktoren, die einen
entscheidenden Einfluss auf das Schicksal der Tochterzellen haben? Das
Entwicklungspotenzial der manipulierten Zellen kann in  Kurz- und
Langzeitanalysen uUberpruft werden. Mit den entsprechenden Arbeiten wurde in
der Arbeitsgruppe bereits begonnen, und sie sollen in einem gesonderten Projekt

weitergefuhrt werden.
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Anhang

Segregation of lipid raft markers including CD133 in polarized human
hematopoietic stem and progenitor cells

Bernd Giebel, Denis Corbeil, Julia Beckmann, Johannes Hohn, Daniel Freund, Kay Giesen,
Johannes Fischer, Gesine Kogler, and Peter Wernet

During ontogenesis and the entire adult
life hematopoietic stem and progenitor
cells have the capability to migrate. In
comparison to the process of peripheral
leukocyte migration in inflammatory re-
sponses, the molecular and cellular
mechanisms governing the migration of
these cells remain poorly understood. A
commeon feature of migrating cells is that
they need to become polarized before
they migrate. Here we have investigated
the issue of cell polarity of hematopoietic
stem/progenitor cells in detail. We found

that human CD34* hematopoietic cells (1)
acquire a polarized cell shape upon culti-
vation, with the formation of a leading
edge at the front pole and a uropod at the
rear pole; (2) exhibit an amoeboid move-
ment, which is similar to the one de-
scribed for migrating peripheral leuko-
cytes; and (3) redistribute several lipid
raft markers including cholesterol-bind-
ing protein prominin-1 (CD133) in special-
ized plasma membrane domains. Further-
more, polarization of CD34* cells is
stimulated by early acting cytokines and

requires the activity of phosphoinositol-3-
kinase as previously reported for periph-
eral leukocyte polarization. Together, our
data reveal a strong correlation between
polarization and migration of peripheral
leukocytes and hematopoietic stem/pro-
genitor cells and suggest that they are
governed by similar mechanisms. (Blood.
2004;104:2332-2338)

© 2004 by The American Society of Hematology

Introduction

During ontogenesis the earliest progenitors of the mammalian adult
hematopoietic system are initially formed in the intraembryonic
aorta-gonad-mesonephros (AGM) and it seems very likely that
such AGM-derived hematopoietic stem cells (HSCs) emigrate and
colonize the fetal liver, the main site of embryonic hematopoiesis.
During neonatal stages, HSCs migrate again: they leave the fetal
liver to enter the blood stream and home to the bone marrow (BM),
the main side of adult hematopoiesis.! More than 30 years of
clinical experience as well as several animal models have demon-
strated that neonatal and adult HSCs retain their ability to migrate
into the BM and the capacity to reconstitute the entire hematopoi-
etic system.? It appears that the homing process of transplanted
HSCs 1s based on a naturally occurring process in which adult
HSCs and progenitors travel from BM to blood and back to
functional niches in BM and maybe into other organs.® Remark-
ably, despite the central role of these phenomena in hematopoietic
stem cell biology and their therapeutic relevance, the molecular and
cellular mechanisms, which involve chemokines for navigation.
and adhesive proteins for interactions, to guide them to their
appropriate niche, remain poorly understood.**

In confrast, more is known about the migration process of
peripheral leukocytes in inflammatory responses in which they are
attracted to leave the blood stream and enter tissues by crossing the
vascular endothelium. As reviewed by Sanchez-Madrid and del

Pozo.? the first requirement for cells that initiate migration is the
acquisition of a polarized morphology that enables them to turn
mtracellularly generated forces into net cell locomotion. In this
context it has been shown that chemokines trigger processes that
induce changes in the organization of the cytoskeleton, resulting in
an observable switch from a spherical into a polarized cell shape. It
1s established that this polarization requires the activity of phospho-
inositol-3-kinase (PI3K), an enzyme involved in signal transduc-
tion events.'%!! Polarized leukocytes form lamellipodia-like struc-
tures at the front side (ie, the leading edge) and contain a
pseudopod-like projection at the rear pole called a uropod, a
leukocyte-specific structure that plays an important role n cell
motility and adhesion.® These morphologic changes are accompa-
nied not only by the redistribution of several intracellular but also
transmembrane proteins (eg, chemokine receptors become local-
ized at the leading edge while other intercellular cell adhesion
molecules, including intercellular adhesion molecules [ICAMs].
CD43, and CD44, concentrate at the uropod).®

In our current studies we have observed that human CD34*
cells acquire a polarized cell shape resembling the morphologic
phenotype of migrating peripheral leukocytes when they are
cultured ex vivo. Since the human CD34+ cell fraction is highly
enriched for HSCs and hematopoictic progenitor cells (HPCs),12
we wondered whether there are parallels between the polarization
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and migration processes of HSCs/HPCs and peripheral leukocytes.
Here we have investigated this issue by immunochemistry and
green Huorescent protein (GFP)—based approaches using a panel of
uropod and leading-edge protein and lipid markers as well as the
new hematopoietic stem and progenitor cell marker prominin-1/
CD133 (human AC133 antigen)!*-1% (for review see Bhatia!® and
Corbeil et all?).

Materials and methods

Cell preparation and culture conditions

Umbilical cord blood (CB), BM. and peripheral blood (PB) of granulocyte
colony-stimulating factor (G-CSF)—treated stem cell donors were obtained
from unrelated donors after informed consent. Approval for BM and PB
was obtained from the ethics commission of the Heinrich-Heine University,
and approval for CB was obtained from the Paul-Ehrlich Institute. Informed
consent was provided according to the Declaration of Helsinki Mono-
nuclear cells were isolated from individual sources by Ficoll (Biocoll
Separating Solution: Biochrom. Berlin, Germany) density gradient centrif-
ugation. Remaming red blood cells were lysed at 4°C 1n 0.83% ammonium
chloride with 0.1% potassium hydrogen carbonate, followed by a phosphate-
buffered saline (PBS) washing step. CD34™" cells were isolated by magnetic
cell separation using the MidiMacs technique according to the manufactur-
er’s mstructions (Miltenyi Biotec, Bergisch Gladbach, Germany), vielding
CD34+ cells of 65.5% =+ 14.3% purity.

Freshly enriched CD34™% cells were cultured in a humidified atmosphere
at 37°C and 5% CO; at a density of approximately 1 % 10° cells/mL in
serum-free (Stemspan H3000: Stemcell Technologies Inc, Vancouver, BC,
Canada) or serum-containing tissue culture medium (Myelocult H5100;
Stemcell Technologies Inc) in the absence or presence of early acting
cytokines (fetal liver tyrosine kinase 3 ligand [FLT3L]. stem cell factor
[SCF]. thrombopoietin [TPO]; each at 10 ng/ml final concentration;
PeproTech Inc. Rocky Hill, NJ). To inhibit the PI3K activity of isolated
cells we have added Ly294002 (Calbiochem, Bad Soden, Germany) at a
final concentration of 30 pM to serum-free or serum-contaiming media
supplemented with early acting cytokines.

Migration assays

Migratory potential of cultivated cells was analyzed by transmigration
assavs using 3-pm pore filters (Costar Transwell, 6.5-mm diameter;
Corning Incorporated. Coming, NY). CB-denved CD34% cells were
cultured for 2 days in Myelocult H5100 supplemented with early acting
cytokines as described under “cell preparation and culture conditions.” The
Transwell filters were washed with Myelocult H5100 before they were
loaded with 100-pL cell suspension of cultivated cells. Afterward they were
carefully transferred to another well contaimng 600 pL Myelocult H3100
supplemented with early acting cytokines and 100 ng/ml stromal cell-
derived factor-la (SDF-lae; R&D Systems Inc, Minneapolis, MN) and
cultured overnight in a humidified atmosphere at 37°C and 5% CO,. To
study the mnfluence of PI3K activity on cell migration, the same assays were
performed and Ly294002 was added at a final concentration of 100 pM to
both to the top cell suspension and to the medium in the bottom chambers.
The cultivation of the same amount of cells in 600 pL Myelocult H5100
supplemented with early acting cytokines and 100 ng/ml SDF-la i the
absence or presence of Ly294002 (100 pM) served as controls. Following
overnight incubation, filters were carefully removed and the percentage of
cells recovered in the bottom compartment was evaluated.

Immunofluorescence and microscopy

CD34% cells were generally cultured for 2 days in the presence of early
acting cytokines m Myelocult H53100 medium before immunostaining. To
conserve their polarized morphology, the CD34+ cells were prefixed for 5
minutes at room temperature with paraformaldehyde (Sigma-Aldrich
Chemie, Taufkirchen, Germany) at a final concentration of 0.2% m the
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medium. Cells were then mcubated with the AC133-phycoerythrin (PE)
antibody (1:10; AC133/1; Milteny1 Biotec) diluted in PBS containing 10%
donkey serum (Jackson Immuno Research Laboratories, West Grove, PA)
for at least 10 minutes at 4°C and postfixed with 4% paraformaldehyde in
PBS for 20 minutes at 4°C. Because PE is not a smtable fluorochrome for
immunofiuorescence microscopy, we counterstained the AC133-labeled
cells with cyanin 3 (Cy3)—conjugated AffimiPure Fab fragment donkey
antimouse immunoglobulin G (IgG; 1:30; Jackson Immuno Research
Laboratories) diluted in PBS contamning 10% donkey serum for at least 10
minutes at 4°C. Remaming mouse epitopes were saturated with unconju-
gated AffimPure Fab fragment rabbit antimouse IgG (1:10; Jackson
Immuno Research Laboratories). Cells were divided in different aliquots
and stained with one of the following primary mouse antibodies: anti-CD34—
fluorescein 1sothiocyanate (FITC; HPCA-2; BD PharMingen, Heidelberg,
Germany), anti-CD43 (1G10; BD PharMingen), anti-CD44-FITC (J173;
Immunotech, Marseille, France), anti-CD45-FITC (2D1; BD PharMingen),
ant1-CD350 (TU41; BD PharMingen). anti-CD54-FITC (84H10: Immuno-
tech), anti-GM3 Ighl (GMR6: Seikagaku America, East Falmouth, MA), or
rat anti-CXCR4 (1D9; BD PharMingen). These antibodies were counter-
stained using Cy2-conjugated secondary antibodies (goat antimouse [gG,
donkey antimouse IgM. and goat antirat IgG + IgM: Jackson Immuno
Research Laboratories). Labeled cells were mounted m 75% glycerin
contamning propylgallat (30 mg/ml) and DAPI (4.6 diamidino-2-
phenylindole; 200 ng/mL; Roche, Mannheim, Germany).

Cells were observed with an Axioplan 2 fluorescence microscope
(Carl Zeiss, Goettingen, Germany) using a X 20 dry (Figure 2A-B)ora
100 o1l immersion objective (Figures 2C1-2D11, 3), respectively. In
general, analyses of living cells were performed at 37°C 1n a humidified
5% CO, atmosphere using a DMIRB inverse fluorescence microscope
equipped with a CO, incubator chamber and a *20 dry objective
(Figures 1.4) (Leica, Bensheim, Germany). All pictures and videos were
taken with an Axiocam digital camera and processed using Axiovision
3.1 Software (Carl Zeiss).

To analyze the degree of cell polanization, the living cells were
photographed and their structure was evaluated. Cells with a comma-
shaped morphology or with a recognizable tip (uropod) were determined as
being polarized, whereas round and oval cells were deternuned as being
nonpolarized. The percentage of viable cells was evaluated by trypan blue
staining (0 4% solution; Sigma-Aldrich).

Plasmid construction and transfection of CD34* cells

The eukaryotic expression vector plasmid enhanced GFP (pEGFP)}-IN1-
CD133, containing the entire coding sequence of human CD133 fused
in-frame to the N-terminus of GFP. was constructed by selective polymer-
ase chain reaction (PCR) amplification of the corresponding cDNA
(GenBank accession no. AF027208) using the oligonucleotides 5'-
TTGGAGTTTCTCGAGCTATGGCCCTCGTACT-3" and 5'-TTCAACAT-
CAGCTCGAGATGTTGTGATGG-3" as 5" and 3' primers. respectively.
The resulting PCER. fragment was digested with XTiol and cloned into the
corresponding site of pEGFP-N1 vector (BD Clontech, Heidelberg, Ger-
many). The pEGFP-N1-CD44 plasmid encoding for human CD44 fused
in-frame to the N-terminus of GFP was obtamned by selective PCR
amplification of the corresponding cDNA (GenBank accession no.
AY101192) with the oligonucleotides 5'-CGCCTCGAGATCCTCCAGCTC-
CTTT-3" and 5"-ATGGTGTAGAATTCGCACCCCAATC-3" as 5 and 3'
primers, respectively. The resulting PCR. fragment was digested with Xhol
and EcoRI and cloned into the corresponding sites of pEGFP-N1 vector. In
both constructs, GFP is fused in-frame to the cytosolic C-terminal domain
of the CD marker and their expression is under control of the cytomegalovi-
tus (CMV) promoter.

CB-derived CD34% cells (1.5 X 10° to 3 X 107 cells) were trans-
fected with 10 pg of plasmid DNA using the new Amaxa Nucleofection
technology according to the manufacturer’s instructions {Amaxa Biosys-
tems, Cologne, Germany). As effectors we have used the pEGFP-N1-
CD133 or pEGFP-N1-CD44 plasmids and, as a control, the plasmid
vellow fluorescent protein—N1 (pEYFP-N1) or pEGFP-N1 wvector,
respectively. Following transfection, cells were immediately transferred
into Myelocult H5100 supplemented with early acting cytokines. The
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efficiency of individual transfections was evaluated by stamung the
transfected cells 24 hours after the DNA incorporation with an
ant1-CD34-PE antibody (8G12; BD PharMingen) and analyzed by flow
cytometry or fluorescence microscopy (see “Immunofluorescence and
MICroscopy ).

Flow cytometry

Flow cytometric analyses were performed on a Cytomics FC 500 flow
cytometer equipped with the RXP software (Beckman Coulter,
Krefeld, Germany).

Results
Morphologic polarization of human CD34* cells

Human CD34% cells freshly isolated from different sources (CB.
BM. and PB) are small (ie, 5-6 pm). round, and without any
morphologic sign of cell polarity (Figure 1A). Remarkably, a
high proportion of these cells inerease in size and acquire a
polarized cell shape when grown on uncoated plastic dishes in
the presence of early acting cytokines (SCF, TPO, FLT3L; 10
ng/mL each) in either serum-supplemented or serum-free tissue
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Figure 1. The human CD34+* cells acquire a morpho-
logic polarity upon in vitro cultivation. (A-C) Light
micrographs of human CD34~ cells freshly isolated from
the umbilical cord blood (A) or cultured for 1 day (d1) in
serum-free medium in the presence (B) or absence (C) of
early acting cytokines as growth factors (GF). (D) The
human CD34+ cells were cultured in serum-free medium
in the presence of early acting cytokines and PI3K
inhibitor Ly294002 {Ly). All panels are shown at the same
magnification. Note, CD34~ cells that were cultured for 1
day in the presence of early acting cytokines (B) increase
in size and acquire a polarzed cell shape forming a
leading edge at the front (arewheads) and a uropod at

the rear pole (arrows). Even in the absence of early
| acting cytokines, CD34+ cells can acquire a polarized
cell shape, although they do not increase in size (C). The
cell polarization and the growth process are inhibited by
the PI3K inhibitor (D).

culture medium (Table 1: Figure 1B). It should be mentioned
that these early acting cytokines have been reported to preserve
the multipotency and engraftment potential of human HSCs/
HPCs in short-term cultures.!® Although the number of cells
possessing a polarized shape is high and comparable between
individual donor samples under serum-containing conditions, it
is more variable under serum-free conditions (Table 1). Cells
acquiring a polarized morphology form a leading-edge-like
structure at one end and a uropod-like structure at the opposite
side (Figure 1B, arrowheads and arrows, respectively). Even in
the absence of any growth factor, some cells acquire a polarized
cell shape in serum-containing or serum-free medium (Table 1).
but they neither increase in size (Figure 1C) nor proliferate (data
not shown). Although we did not add SDF-1 or any other
chemokine. the cultivated cells were highly dynamic and
exhibited an amoeboid movement that is very similar to the one
described for migrating peripheral leukocytes® (see the time-
lapse videomicroscopy imaging in supplemented material).
Additionally, we have observed that flow cytometrically sorted
lin~CD34+CD38l"~ cells as well as lin~-CD34+CD38+ cells
acquire a polarized cell shape upon cultivation in cytokine-
containing media (data not shown).

Table 1. Polarization and migration of CD34" cells depend on PI3K activity

% polarized cells n % living cells n % migrated cells n

Culture condition d0-d1; values d1
Seum-free + GF 64.90 = 18.70 T 97.37 = 1.84 3 NE 1]
Serum-free 3775 19N T 9091 =191 3 MNE 0
Serum-free + GF + Ly294002 391 +147 3 9255+ 1.11 3 NE 0
Serum + GF 82.86 = 5.84 T 96.74 £ 2.02 3 MNE 0
Serum 42.84 + 2561 3 8353 + 1622 3 NE 1]
Serum + GF + Ly294002 973320 3 9105141 3 NE 0

Culture condition d2-d3; values d3
Serum + GF + SDF-1a 7310+ 385 3 9448 + 151 3 156 =420 3
Serum + GF + SDF-1a + Ly294002 14.60 = 7.12 3 8739+ 474 3 33x025 3

Data are for CB-derived CD34+ cells; mean =+ SD.

n indicates number of independent experiments; d0, freshly isolated cells; GF, growth factors (SCF, TPO, FLT3L); and NE, not estimated.
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Polarization and migration of CD34* cells depends
on PI3K activity

When PI3K activity is inhibited by addition of Ly294002. periph-
eral leukocytes lose their polarized shape and round up.!’ To
mvestigate if PI3K activity is also required for the polarization of
CD34" cells we have cultured CB-derived CD34" cells in early
acting cytokine-supplemented media. in the presence or absence of
Ly294002. While most of the CD34% cells present in the control
group acquired a polarized cell shape after 1 day (Table 1: Figure
1B), treated cells remained round (Table 1; Figure 1D) and viable
(Table 1). Furthermore., when adding Ly294002 to polarized
CD34" cells cultured for 2 days in serum and early acting
eytokine-containing medium, many of them lose their polarized
morphology and round up but remain viable (Table 1). Taken
together these data suggest that the PI3K pathway is involved in the
polarization process of CD34% cells.

Because cell polarity is an essential prerequisite for the
migration process of several cell types.” we have tested whether
CD34* cells that lose their polarized cell shape have a reduced
migration capacity. Therefore. we have examined the migration
rate of CB-derived CD34% cells, which were originally cultured for
2 days in serum and early acting cytokine-contaming medium. in
the presence or absence of the PI3K inhibitor Ly294002 using a
transmigration assay. In the absence of Ly294002, 15.6% = 4.20%
of the CD34" cells migrated through 3-pm pores of Transwell
filters, whereas only 3.3% = 0.25% of the cells treated with this
PI3K inhibitor passed through the pores (Table 1).

The hematopoietic stem cell marker CD133 is redistributed to
the uropod-like structure of migrating human CD34* cells

A hallmark of the polarization of migrating peripheral leukocytes is
an asymmetric redistribution of certain cell surface proteins into
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the well-defined architectural structures, the uropod and the leading
edge.® This prompted us to examine, by immunochemistry, the
distribution of hematopoietic stem and progenitor marker CD133
in nonpolarized and polarized (1e, migrating) CD34+ cells. In our
hands more than 90% of CD34* cells isolated from CB. PB. or BM
express CD133 (data not shown). Interestingly, we found that
CD133, which is distributed over the entire cell surface of freshly
isolated CB-derived CD34™" cells (Figure 2A.Ci-11). 1s redistributed
mto the tip of the uropod-like structure in polarized CD34+ cells
(Figure 2B.Di-ii). Under the same conditions, the cell surface
redistribution of CD133 is not observed in nonpolarized cells
(Figure 2B arrowhead). The same phenomenon is observed with
CD34* cells isolated from BM and PB (data not shown).

Segregation of several plasma membrane markers in
polarized human CD34* cells

Given the high similarity observed between the migrating CD34+ cells
and peripheral leukocytes we decided to investigate the subcellular
distribution of several membrane protein markers. including adhesion
molecules and one membrane receptor, known to be enriched either in
the wropod or at the leading edge of migrating peripheral leukocytes.®
Tmnmmochenustry revealed that CD markers previously reported to be
concentrated into the wopod of migrating peripheral leukocytes.?
including CD43, CD44. CD50 (ICAM3), and CD54 (ICAM1), are also
enriched i the uropod-like structure of CB-derived CD34% cells and
colocalized with CD133 (Figure 3A-D). Similar data were obtained
with PB-derived CD34 % cells (data not shown).

In contrast. we found that the CXCR4 chemokine receptor.
which has been reported to be redistributed at the leading edge
of B and T lymphocytes upon exposure to chemokines,'®!
appeared as a gradient with its highest expression in the leading
edge of CD347 cells (Figure 3G). Finally, the segregation of CD

Figure 2. Cell surface redistribution of CD133 into the uropod of polarized CD34+ cells. (A-D) Human CD34~ cells, freshly isolated from umbilical cord bloed (A, Ci-i) or
cultured for 2 days in the presence of early acting cytokines (B, Di-ii), were labeled with AC133 antibody (anti-CD133; red) and observed by immunofluorescence (Ci,Di). The
overlays with the corresponding differential interference contrast images are shown (A-B,Cii,Dii). Note that the cultured CD133- cells remain small and round (arrows in B),
whereas cultured CD133+ cells increase in size and CD133 becomes localized into the uropod of polanized cells (B,Di-ii) but remains distnbuted all over the surface of
nonpolarized CD133+ cells (amowheads in B). Same magnification was used in panels A and B (scale bar = 10 wm; A) or in panels Ci and Di (scale bar = 5 pum; Di),

respectively.
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Figure 3. Cell surface distribution of plasma membrane markers in polarized
CD34+ cells. (A-H) CD34~ cells isolated from umbilical cord blood and cultured for 2
days in serum-containing medium supplemanted with early acting cytokines were
subjected to double labeling using AC133 antibody (anti-CD133) and an antibody
directed against another cell surface antigen, as indicated, and analyzed by double
immunofluorescence. The CD133 immunofluorescence (red) is shown in the second
column, the immunofiuarescence of vanous cell surface antigens (green) in the third
column, and the corresponding differential interference contrast image as well as the
merge are shown in the first and the fourth column, respectively. Note that the
chemokine receptor CXCR4 (G) and the ganglioside GM3 (H) are concentrated in the
leading edge of the front pole, whereas CD43 (A), CD44 (B), ICAM3/CD50 (C), and
ICAM1/CD54 (D) are enriched in the uroped of the polarized cells and colocalized
with CD133. All panels are shown at the same magnification.

markers observed here 1s not a common characteristic shared by
all of them since CD34 and CD45 are found equally distributed
all over the surface of polarized CD34+ cells (Figure 3E and F.
respectively).

Recently. it has been demonstrated that during polarization of T
cells the monosi 6 aloganglioside GM3. a raft-associated lipid.
redistributes to the leading edge of activated leukocytes.?? To
corroborate further the similarity underlying the polarization
process between CD34+ cells and activated leukocytes. we ana-
lyzed the distribution of GM3 in CD34+ cells by immunochemis-
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try. Remarkably. we found that GM3 is localized at the leading
edge of polarized CD34 % cells (Figure 3H).

CD44-GFP and CD133-GFP fusion proteins are localized in
the uropod of transfected human CD34* cells

The morphologic data strongly suggest that certain plasma mem-
brane markers are partitioned into specialized regions or domains
of migrating human CD347 cells. To rule out that the compartmen-
talization observed is generated by the use of antibodies creating an
artificial cluster of a given membrane marker, we monitored the
distribution of the protein markers CD44 and CD133 fused to green
fluorescent protein (GFP) in living CB-derived CD34% cells. Under
the specific and new nonviral transfection conditions described
here (see “Plasmid construction and transfection of CD34 cells™ in
“Materials and methods™), up to 80% of CB transfected cells
expressed the fuorescence protein reporter gene (Figure 4Cii
quadrants A2 and A4). which 1s distributed into the entire
cytoplasm (Figure 4C1). No fluorescence is observed with untrans-
fected cells (Figure 4B quadrants A2 and A4). Interestingly.
fluorescence microscopy revealed that CD44-GFP fusion protein.
which 1s expressed in more than 75% of transfected cells (Figure
4Dii quadrants A2 and A4), is associated with the entire plasma
membrane being enriched in the uropod of the CB-derived cells
(Figure 4Di). Likewise, CD133-GFP is selectively concentrated at
the tip of the uropod of polarized CD34" cells (Figure 4Ei). as
previously observed by immunochemistry for the endogenous
CD133 (Figures 2-3). It should be mentioned that in comparison to
fluorescence protein alone and CD44-GFP. CD133-GFP is detected
only in a specific subpopulation of CB-derived cells (ie, CD34%
cells; Figure 4Ei quadrant A2).

Discussion

Here we report 4 major observations. First, HSCs/HPCs acquire a
polarized cell shape by a molecular mechanism dependent on the
PI3K pathway. Second, polarized HSCs/HPCs exhibit an amoeboid
movement, which is similar to the one described for migrating
peripheral leukocytes. Third, the polarization of HSC/HPC plasma
membrane leads to a redistribution of a particular set of markers
from which several of them have been previously reported to be
associated with lipid microdomains (lipid rafts). Fourth, the stem
cell marker CD133 is selectively concentrated in the uropod of
polarized HSCs/HPCs.

It is well established that HSCs/HPCs have the ability to
migrate.!? Despite the evidence that SDF-1 triggers migration of
HSCs/HPCs,*$ the current knowledge of the mechanisms govern-
g stem cell migration remains limited. For other cell types it has
been shown that the acquisition of cell polarity is an essential
prerequisite for the migration process.? Although it has been
noticed that some CD34* cells acquire a polarized cell shape upon
adhesion to fibronectin®® or when migrating under the influence of
SDF-1 through a fibronectin-coated Transwell filter or a 3-dimen-
sional meshwork of extracellular matrix components,>* the issue
of cell polarity in HSCs/HPCs has not been analyzed in detail.

We were able to document that the CD34* cells grown in
suspension cultures in the presence of early acting cytokines
acquire a polarized cell shape with a defined leading edge at the
front pole and a uropod at the rear pole. This morphologic
phenotype is highly related to the one described for polarized,
migrating peripheral leukocytes. Since the polarization of periph-
eral leukocytes depends on the activity of chemokines, 202326 it is
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Figure 4. Subcellular localization of CD44-GFP and CD133-GFP fusion proteins
in transfected CD34+ cells. Using the new Amaxa nuclecfection technology, human
CD34~ cells enriched from umbilical cord blood were transfected with the expression
plasmid encoding either for YFP (Ci), CD44-GFP (Di-ii) or CD133-GFP (Ei-ii) under
the control of the cytomegalovirus promoter. Transfected cells and, as negative
control, untransfected cells (B) were cultivated for 1 day in serum-containing medium
supplemented with early acting cytokines and were analyzed by flow cytometry
(A-B,Cii,Dii,Eii) and fluorescence microscopy (Ci,Di,Ei). (A-B,Cii,Dil,Eii) Arepresenta-
tive experiment (n = 5) of the CB-derived cells untransfected (B) or transfected with
different expression plasmids (Cii,Dii.Eii) was stained with a PE-conjugated anti-
CD34 antibody and analyzed by flow cytometry. The cells analyzed in panels B, Cii,
Dii, and Eil were gated according to the morphology depicted on a forward
scatter/side scatter plot (A). Note, cells shown in panel Cii are extremely positive for
YFP; most of them stick to the right border of the plot. (Ci,Di,Ei). Differential
interference contrast image shows fluorescence overlay of YFP (Ci), CD44-GFP (Di),
or CD133-GFP (Ei) in living transfected CD34--enriched cells. The YFP is strongly
expressed throughout the cytoplasm of the cells, whereas CD44-GFP and CD133-
GFP are concentrated in the uropod of the migrating cells (arrows in Di and Ei). The
white arrows indicate the cells shown in the insets (high magnification)).

very suggestive that similar factors are not only involved in the
migration process of HSCs but also required for the polarization of
these cells. However, our data show that chemokines, including
SDF-1. do not appear essential for the polarization of CD34 cells.
Moreover, although it is not known yet which factor triggers such
polarization, we provide evidence that the activation of the PI3K
pathway is crucial for this process, being consistent with results
obtained for peripheral leukoeytes.!%!1 Tt is interesting to note that
SCF. which was added to most of our cultures, has been reported to
activate the PI3K signaling pathway similarly to SDF-1.10.11.27-29
SCF also has the capability to act as a chemoattractant for human
HPCs.® arguing that other factors than chemokines can induce
polarization and migration of CD34+ cells. Finally, it is important
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to point out that the serum-free culture medium used in our
assays contains insulin, which 1s another potential activator of
the PI3K.30 Therefore, insulin might be responsible for the
polarization of CD34+ cells under serum-free conditions in the
absence of cytokines.

As mentioned in “Introduction.” the polarization process seems
to be a prerequisite for cell migration. Indeed we show that CD347
cells treated with a PI3K inhibitor lose not only their polarized
morphology but also their ability to migrate. suggesting that
polarization and migration are closely connected to each other in
CD34+ cells, as they are in other cell types. The inhibition of these
cellular processes may explain why the homing of CD34+ cells is
disturbed when PI3K signaling is perturbed !

In addition to the importance of the PI3K signaling. we have
demonstrated that polarization of CD34% cells 1s accompanied by
the redistribution of certain transmembrane proteins. As in other
leukoeytes. CD43, CD44, CD50 (ICAM3), and CD34 (ICAMI1)
become concentrated into the uropod of CD34+ cells, whereas
other molecules such as CD34 or CD45 remain distributed all over
the plasma membrane.

The phenotypic similarity between polarized progenitor cells
and other leukocytes is not restricted to their morphology and the
distribution of uropod markers. We show that the chemokine
receptor CXCR4, which is known to be enriched in the leading
edge of migrating lymphocytes. is distributed in a gradient-like
fashion with its maximal concentration in the leading edge of
polarized CD34+ cells. In agreement with this finding. van Buul
and colleagues®” have reported recently that a CXCR4-GFP fusion
protein redistributes to the leading edge of the KG1la cells, an acute
myeloid leukemia (AMTL )—derived cell line.

There is growing evidence that many membrane proteins are
associated with certain lipids (eg. sphingolipid or cholesterol-based
lipids). Such lipids are often clustered in special microdomains. in
so-called lipid rafts.?? Depending on the lipids that form a special
raft, lipid rafts traffic to certain plasma membrane domains (eg, the
apical or basal plasma membrane). In this context they seem to
function as platforms that are important to govern the subeellular
distribution of associated membrane proteins.® Indeed, it has been
shown that polarization of peripheral leukocytes depends on the
controlled redistribution of such specialized lipid rafts.223 In
activated T cells for example, the monosialoganglioside GMa3-
enriched lipid rafts traffic to the leading edge. while others
redistribute to the uropod pole, concentrating a specific set of
membrane proteins, such as ICAM3, CD43, and CD44, there 23
The observation that these raft-associated markers are also concen-
trated at the uropod pole and GM3 at the leading edge of CD347
cells further reinforces existing parallels in the polarization process
of HSCs/HPCs with peripheral leukocytes and suggests that lipid
rafts are also important for the polarization of HSCs/HPCs.
Therefore, it is tempting to speculate that cues and mechanisms
underlying the polarization and migration of precursors and more
mature hematopoietic cells appear common to all of them.

Interestingly, we found that the stem cell marker CD133. a
cholesterol-binding protein.?® is also redistributed into the uropod
of migrating CD34+ cells. Since CD133 is preferentially associated
with plasma membrane profrusions in all cell types where it is
expressed.>™% and is incorporated into lipid rafts.®® it seems very
likely that special lipid rafts organize the delivery and/or retention
of CD133 in the uropod. As CD133 is selectively associated with
microvilli and other plasma membrane protrusions within the
apical plasma membrane in different epithelia of embryonic and
adult tissues. 38 it might be possible that epithelial cells and
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HSCs/HPCs use a similar mechanism to distribute CD133. In
agreement with the postulation that the targeting and retention of
proteins into a specialized plasma membrane domain of distinet
cell types are mediated by a common intracellular machinery,* the

GIEBEL etal
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uropod of polarized HSCs/HPCs and therefore of other leukocytes
would correspond to the apical domain of polarized epithelial cells.

In conclusion. our data show for the first time that the

leukocyte biology should increase our understanding about HSC/
HPC traffic during normal and malignant hematopoiesis and should
help to improve the process of homing and engraftment of stem
cells in clinical trials.

polarization and migration processes of CD34% cells are highly

related to those reported for migrating peripheral leukocytes. The
comprehensive knowledge about these mechanisms in peripheral
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10.2Primitive human hematopoietic cells give rise to
differentially specified daughter cells upon their initial
cell division (Giebel et al., 2006)
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Primitive human hematopoietic cells give rise to differentially specified daughter
cells upon their initial cell division

Bernd Giebel, Tao Zhang, Julia Beckmann, Jan Spanholtz, Peter Wernet, Anthony D. Ho, and Michael Punzel

It is often predicted that stem cells divide
asymmetrically, creating a daughter cell
that maintains the stem-cell capacity, and
1 daughter cell committed to differentia-
tion. While asymmetric stem-cell divi-
sions have been proven to occur in model
organisms (eg, in Drosophila), it remains
illusive whether primitive hematopoietic
cells in mammals actually can divide
asymmetrically. In our experiments we
have challenged this question and ana-
lyzed the developmental capacity of sepa-

rated offspring of primitive human hema-
topoietic cells at a single-cell level. We
show for the first time that the vast major-
ity of the most primitive, in vitro—detect-
able human hematopoietic cells give rise
to daughter cells adopting different cell
fates; 1 inheriting the developmental ca-
pacity of the mother cell, and 1 becoming
more specified. In contrast, approximately
half of the committed progenitor cells
studied gave rise to daughter cells, both
of which adopted the cell fate of their

mother. Although our data are compatible
with the model of asymmetric cell divi-
sion, other mechanisms of cell fate speci-
fication are discussed. In addition, we
describe a novel human hematopoietic
progenitor cell that has the capacity to
form natural killer (NK) cells as well as
macrophages, but not cells of other my-
eloid lineages. (Blood. 2006;107:
2146-2152)

© 2006 by The American Society of Hematology

Introduction

Somatic stem cells are defined as undifferentiated cells, which can
self-renew over a long period of time and give rise to progenitor
cells that are committed to differentiation upon their further
development. Since both an uncontrolled expansion as well as loss
of stem cells would be fatal for multicellular organisms, the
decision of self-renewal versus differentiation needs to be tightly
controlled. Therefore, a key question in stem-cell biology is how
and which mechanisms govern this decision.

Hematopoietic stem cells (HSCs) are the most investigated
mammalian stem cells. More than 30 years of clinical experience as
well as experiments with animals demonstrated that neonatal and
adult HSCs retain the ability to reconstitute the hematopoietic
systems of patients after myeloablative treatment.! Therefore, an
important feature of HSCs is the capacity to replenish all lineages
of mature blood cells. Beside this, they also have the potential to
expand in vivo as revealed by sequential transplantation experi-
ments using limiting numbers of mouse HSCs to reconstitute the
hematopoietic systems of primary and secondary lethally irradiated
hosts.>3 However, although HSCs can be maintained in vitro in
close contact to adequate stroma cells,*® no evaluated in vitro
condition has been reported so far, which supports the expansion of
these cells over a period of several weeks. These findings demonstrate
that the surrounding environment has a major influence on the cell fate
of HSCs and their daughter cells. In this context, it was recently shown
that by participating in the formation of special HSC-supporting niches,
osteoblasts regulate the size of the HSC pool in vivo.>!!

In addition to data supporting a hematopoietic stem-cell
niche model, results of further studies suggest that cells of
the hematopoietic stem- and progenitor-cell compartments
are able to divide asymmetrically. In an initial set of experi-
ments Ogawa’s group analyzed the differentiation of murine
and human hematopoietic progenitor cells (HPCs). After separa-
tion of paired-progenitor cells they cultured these cells individu-
ally and observed that in some cases siblings gave rise to
colonies that significantly differed from each other (ie, they
gave rise to different cell lineages and/or to colonies of different
sizes).!>1* Recently, some evidence for the occurrence of
asymmetric cell division of mouse HSCs was provided in a
transplantation model.'>-16

In studies using human HSC-enriched cells of the CD34*CD38~
fraction we and others have shown that CD34*CD38~ cells are
heterogeneous in respect to their function and their proliferation
kinetics (ie, the proliferation rate of more primitive cells is lower
than that of committed ones).!”!° Furthermore, it was observed that
approximately 30% of the CD34"CD38~ cells gave rise to
daughter cells with heterogeneous proliferation kinetics, perhaps
the result of an asymmetric cell division.!”-19:20

To increase the evidence for the occurrence of asymmetric cell
divisions within the most primitive in vitro—detectable hematopoi-
etic cell compartment we have separated the progenies of HSC
candidates by micromanipulation and analyzed their developmen-
tal potential in primitive human progenitor assays.
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Materials and methods

Cell source and preparation

Human umbilical cord blood (CB) was obtained from the umbilical vein
after delivery of the placenta from mothers after informed consent
according to the Declaration of Helsinki. Approval for CB was obtained
from the Paul-Ehrlich Institute. Mononuclear cells were isolated from
individual sources by Ficoll (Biocoll Separating Solution; Biochrom AG,
Berlin, Germany) density gradient centrifugation. CD34" cells were
isolated by magnetic cell separation using the MidiMacs technique
according to the manufacturer’s instructions (Miltenyi Biotec, Bergisch
Gladbach, Germany).

Immunofluorescence

For the proliferation kinetics, freshly isolated CD34% cells were stained
with PKH2 (Sigma-Aldrich Chemie, Taufkirchen, Germany) as described
previously.'? Before the cells were analyzed by flow cytometry they were
stained with AC133-phycoerythrin (PE; Miltenyi Biotec) and anti-CD34—
PE/Cytochrome 5 (PCy5) antibodies (BD PharMingen, Heidelberg, Ger-
many). Flow cytometric analyses were performed on a Cytomics FC 500
flow cytometer equipped with the RXP software (Beckman Coulter,
Krefeld, Germany).

For functional analysis CD34*-enriched cells were stained with anti-
CD34-PE (BD PharMingen) and anti-CD38-allophycocyanin (APC; BD
PharMingen) antibodies. Individual CD34*CD38~ cells were sorted into
96-well plates (NUNC, Roskilde, Denmark) using the Automated Cell
Deposition Unit (ACDU) on a FACSvantage-SE flow cytometry system
(BD Immunosystems, Heidelberg, Germany) equipped with an Apple G3
Power computer (Palo Alto, CA). To ensure that only a single cell was
deposited, the ACDU was set up in a low-event “through-put” (200-500
events/second).

Cell culture (bulk proliferation assays)

Freshly enriched and PKH2-stained CD347" cells were cultured in a
humidified atmosphere at 37°C and 5% CO, at a density of approximately
1 X 10° cells/mL in serum containing tissue-culture medium (Myelocult
H5100; Stemcell Technologies, Vancouver, BC, Canada) supplemented
with 1000 U/mL penicillin and 100 U/mL streptomycin (Invitrogen,
Karlsruhe, Germany) in the presence of early-acting (recombinant human
fetal liver tyrosine kinase 3 ligand [rhFLT3L], recombinant human stem-
cell factor [rhSCF], and recombinant human thrombopoietin [rhTPO], each
at 10 ng/mL final concentration; PeproTech, Rocky Hill, NJ) or late-acting
cytokines (10 ng/mL recombinant human interleukin-3 [rhIL-3], 500 U/mL
rhIL-6, 10 ng/mL recombinant human granulocyte-macrophage colony-
stimulating factor [rhGM-CSF], 2.5 ng/mL recombinant human basic
fibroblast growth factor [rh-bFGF],10 ng/mL recombinant human insulin-
like growth factor-1 [rhILGF; all Cell Systems, St Katharinen, Germany],
2.5 U/mL recombinant human erythropoietin [rhEpo; Roche Diagnostics,
Mannheim, Germany], and 50 ng/mL rhSCF [R&D Systems, Minneapolis,
MN]), respectively.

Functional assays (single-cell experiments)

Individual sorted CD34*CD38~ cells were cultured for 10 days in
Myelocult (Cell Systems) supplemented with 10 ng/mL rhIL-3, 500 U/mL
rhIL-6, 10 ng/mL rhGM-CSF, 2.5 ng/mL rhbFGF, 10 ng/mL rhILGF (all
Cell Systems), 2.5 U/mL rhEpo (Roche), 50 ng/mL rhSCF (R&D Systems),
1000 U/mL penicillin, and 100 U/mL streptomycin (Invitrogen) as de-
scribed before.!?

Before cell deposition the 96-well plates (Nunc) were precoated with
bovine serum albumin (BSA) as described previously,'®2! and each well
was subsequently filled with 150 pL culture medium as described. After
single-cell deposition, cells were maintained in a humidified atmosphere at
37°C and 5% CO, and fed every 48 hours with fresh medium. The
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proliferation of each cell was determined by light microscopy every 12 to
24 hours.

Immediately after single cells divided, the corresponding daughter cells
were separated using a customized micromanipulation-system (Nikon-
Germany, Diisseldorf, Germany) and individually transferred into the
myeloid-lymphoid—initiating cell (ML-IC) assay.

ML-IC assay

This readout assay was described extensively in our previous reports.'®2!
Briefly, separated daughter cells were individually deposited into 96-well
plates (Nunc) containing a confluent, irradiated AFT024 feeder-cell layer.
After 2 weeks of culture in a humidified atmosphere at 37°C and 5% CO, in
RPMI-medium containing 20% fetal bovine serum supplemented with 10
ng/mL rhFLT3L, 10 ng/mL rhSCF, 10 ng rhIL-7, and 10 ng/mL rhTPO (all
Cell Systems), the content of each well was harvested by trypsination and
split into 4 equal fractions. As described before, 2 fractions were transferred
into duplicates of the lymphoid natural killer initiating cell (NK-IC) readout
assay;>!?? the other 2 fractions were transferred into duplicates of the
myeloid LTC-IC assay.'*-!

Culture conditions in readout assays

Lymphoid differentiation readout (NK-IC assay). Transferred cells were
cocultured with the murine cell line AFT024 in Dulbecco modified Eagle
medium (DMEM) and Ham F12-medium (Invitrogen) mixed in a 2:1
(vol/vol) relation containing 20% heat-inactivated human AB serum
(Cambrex, Taufkirchen, Germany), ascorbic acid (20 mg/mL; Invitrogen),
selenium selenite (50 wM; Invitrogen), 2-mercaptoethanol (25 wM), and
ethanolamine (50 wM; Invitrogen). The following cytokines were added to
these cultures: rhIL-2 (1000 U/mL), rhIL-3 (5 ng/mL), rhIL-7 (20 ng/mL),
rhSCF (10 ng/mL), and rhFIt3L (10 ng/mL). At weekly intervals half-media
exchanges were performed using 10% instead of 20% human AB serum.
Starting at week 2, the only cytokine added to the cultures was rhIL-2. After
5 to 7 weeks of culture, wells containing viable cells were harvested and
cells were analyzed flow cytometrically using antibodies recognizing the
NK cell-specific antigens CD16 and CD56 as well as CD3.

Confirming previous studies from our group and others the cells arising
in the NK-IC assay express the NK cell-specific antigens CD16 and CD56
and are negative for the T-cell marker CD3. As such cells are able to kill
cells of the commonly used NK cell target cell line K562, they are
considered as functional NK cells.!*?!* In agreement with this assump-
tion, we found in our ongoing experiments that the arising cells express
additional NK cell-specific antigens like NKp30/NKp44/NKp46 and
NKG2A/CD9% as well as different killer immunoglobulin-like receptor
(KIR) transcripts (M.P. and M. Uhrberg, manuscript in preparation).

Myeloid differentiation readout (LTC-IC assay). Transferred cells
were cocultured with the murine cell line AFT024 in Iscove modified
Dulbecco medium (IMDM; Invitrogen) supplemented with 12.5% fetal calf
serum (FCS), 12.5% horse serum (Cell Systems), 2 mM L-glutamine
(Invitrogen), 1000 U/mL penicillin, 100 U/mL streptomycin (Invitrogen),
and 107° M hydrocortisone. Cultures were maintained for 5 weeks in a
humidified atmosphere at 37°C and 5% CO; and fed once a week. At week 5
all wells were overlaid with clonogenic methylcellulose medium (Methyl-
cellulose [Fluka, Buchs, Switzerland] in a final concentration of 1.12%
containing IMDM and supplemented with 30% FCS, 3 U/mL erythropoi-
etin [Cell Systems], and supernatant of the bladder carcinoma cell line 5637
[10%]). Wells were scored for the occurrence of secondary colony-forming
cells (CFCs) after an additional 2 weeks. As the initially deposited cells and
their offspring were cultured for more than 8 weeks before reading out the
secondary colony-forming cells as LTC-ICs, our myeloid readout reflects
more primitive myeloid progenitors than those detected in conventional
LTC-IC assays.

Statistics

Experimental results from different experiments were reported as mean =
standard deviation of the mean (SD). Significance analyses were performed
with the paired Student 7 test.
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Results
Experimental design

We and others have demonstrated that primitive human hematopoi-
etic cells give rise to daughter cells following different proliferation
kinetics.!”1920 However, the cell fate of primitive hematopoietic
cell siblings has not been analyzed at the single-cell level until now.
Therefore, we decided to determine the developmental capacity of
arising daughter cells individually. Because it is challenging to
identify a single human primitive hematopoietic cell and subse-
quently separate its offspring, we compared the effect of 2 different
culture conditions on the proliferation kinetics of primitive hemato-
poietic cells in bulk experiments first. For these analyses we
assessed effects of 2 distinct cytokine cocktails, which we have
successfully applied in our previous analysis,'®?* 1 cocktail
containing late-acting cytokines (LACs), and the other consisting
of early-acting cytokines (EAC; ie, SCF, FLT3L, and TPO). The
latter cocktail has been shown to be particularly effective in
maintaining and slightly expanding human HSCs in suspension
cultures up to 7 days.?-?’ In order to compare the data presented
here with our former results we performed our experiments in
Dexter-type cultures.

Proliferation kinetics of primitive hematopoietic cells under
different cytokine conditions

Isolated CD34* cells (89.9% = 5.9% purity; n = 3) were labeled
with the fluorescent dye PKH2 and cultured up to a week in serum
containing media supplemented either with EACs or LACs.
Starting at day 3 cultured cells from individual aliquots were
harvested every other day and simultaneously counterstained with
antibodies recognizing the human stem-cell surrogate markers
CD34 and CD133.28%
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By analyzing the influence of the culture conditions on CD34*
cells we observed that under both conditions cells increase in size
and granularity (Figure 1A). Cells cultured in the presence of LACs
expand more (45.2-fold = 17.7-fold at day 5 compared with day 0;
n = 3) than in the presence of EACs (14.7-fold * 5.6-fold at day 5
compared with day 0; n = 3). Under both conditions most cells
remain CD34% until day 5 (Figure 1B) (LACs, 61.4% = 20.2%;
n = 3; EACs, 85.5% * 10.4%; n = 3), while the percentage of
CD133*% cells decreases over time (Figure 1B) (LACs,
14.6% = 6.7%; n = 3; EACs, 33.0% = 5.2%; n =3 at day 5).
However, the absolute numbers of CD133" cells increase under
both conditions (LACs, 8.6-fold = 1.0-fold; n = 3; EACs, 5.4-
fold = 1.0-fold at day 5 compared with day O; n = 3).

In addition, we show that under both conditions the average of
the newly detected CD34+*CD133~ cells is less positive for PKH2
than CD34*CD133" cells, suggesting that most arising
CD34*CD133" cells have had a higher proliferation rate than the
CD34*CD133" cells (Figure 1C). Regarding their PKH2 staining,
the LAC-stimulated CD34*CD133* cell fraction is more heteroge-
neous than the corresponding EAC-stimulated fraction (Figure
10), suggesting that EACs stimulate proliferation of CD34*CD133+
cells more homogeneously than LAC conditions. Within the
LAC-stimulated fraction we observed more remaining PKHbright
CD34%CD1337 cells than in the EAC-stimulated fraction (at day 5:
LACs, 47.7% * 24.1%; EACs, 39.4% = 28.3% of the initially
cultured PKHg" CD34*CD133" cells, n = 3, P = .05; Figure
1C). Remarkably, the PKH¢" fraction of LAC-stimulated cells
contain less CD133~ cells than the EAC-stimulated fraction,
resulting in a sharp contrast of PKHht CD34*CD133* versus
PKH* CD34*CD133~ cells within the LAC-stimulated fraction
(Figure 1C).

According to our previous results primitive hematopoietic cells
cultured under LAC conditions get highly enriched in the PKHbright
or the so-called slow dividing fraction.'®>* This is most likely due

d5 LAC
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Figure 1. Flow cytometric analysis of bulk
experiments. Since the amount of cells depicted
in the plots is normalized to the cell number
initially used, plots can be compared semiquanti-
tatively. Cells analyzed in panels B and C were
gated according to the morphology depicted on
the forward scatter/side scatter plots shown in
panel A. Plots in panel B represent the distribu-
tion of CD34 and CD133 antigens in freshly
isolated or in expanded CD34" cells, respec-
tively. A characteristic isotype control of ex-
panded cells is shown as inlet in the right panels.
To identify the individual subpopulations in pan-
els A or C, CD34*CD133" cells are labeled in
red, CD34*CD133~ cells in green, and
CD34-CD133" cells in black. The PKH2 stain-
ing, representing the number of cell divisions
single cells have performed, is plotted against
the CD133 antigen distribution in panel C.
PKH2vright cells are plotted within the right quad-
rants of the diagrams shown in panel C. See
“Results” for more details.
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to the fact that the most primitive hematopoietic cells do not
immediately respond to LACs and therefore remain quiescent for
the first few days under LAC conditions. Since the vast majority of
the CD34% cells get activated under EAC conditions and show
similar cell division kinetics, the LAC conditions provide an
opportunity to discriminate between primitive and more mature
CD34% cells according to just the way they initiate their cell
division. Therefore, we concluded that LAC conditions were more
suitable for our intended single-cell studies on primitive hematopoi-
etic cells than EAC conditions.

Our conclusion was additionally supported by the finding that
the percentage of the stem-cell surrogate marker CD133 within the
slow dividing fraction (PKH" cells) was significantly higher
under LAC than under EAC conditions (at day 5: LAC,
61.1% = 3.1%; EAC, 50.3% = 3.9%;n = 3, P = .005).

Proliferation of individual primitive human hematopoietic cells

Due to the fact that freshly isolated CD34% cells express similar
amounts of CD133 (Figure 1B) and with the necessity to enrich the
most primitive hematopoietic cells as much as possible, we decided
to perform our single-cell analyses with CD34*CD38" cells.

In 4 independent experiments we sorted a total of 176 single
CD347CD38~ cells per experiment into individual wells of
96-well plates. To determine the deposition frequency we analyzed
each well 12 hours after finishing the sorting procedure by
bright-field microscopy. We recovered a total of 556 single
deposited cells, which corresponds to a deposition frequency of
79.0% * 4.0%.

In previous experiments under LAC conditions, the most
primitive hematopoietic cells remained quiescent for up to 5 days
and underwent their first in vitro cell division between day 5 and
day 10 after deposition.!” Therefore, we tracked the division
process of each single cell within the first 10 days and grouped
them into 3 different categories as shown in Table 1: (1) category I
indicates cells that divided before day 5 (59% = 12%); (2)
category II, cells that performed their first cell division between
day 5 and day 10 (31% = 11%); and (3) category III, cells which
did not perform any cell division within the first 10 days of culture
(10% = 4%).

Analyses of the developmental potential of individually
separated daughter cells

According to our focus on the most primitive human hematopoietic
cells we only included cells from category II for the micromanipu-
lation-based daughter cell analyses. Within 24 hours after perform-
ing their initial cell division, emerging daughter cells of category 11
cells were separated by micromanipulation and individually trans-
ferred into expansion cultures containing the murine fetal liver—
derived stromal cell line AFT024.2' As shown in Figure 2, the
expansion cultures were harvested after 2 weeks and split into 4
separate aliquots, which were transferred into secondary readout
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Figure 2. Experimental setup. Individual CD34*CD38~ cells were deposited by
fluorescent cell sorting into 96-well plates (1 cell/well), and observed at half-daily
intervals. Initially deposited cells that performed their initial cell division between
culture days 5 and 10 (category Il) were considered for further analyses. Shortly after
the first cell division, the arising daughter cells were separated by micromanipulation
and individually transferred into secondary plates containing irradiated AFT024 cells
as a stromal feeder. After 2 weeks of expansion the entire progeny of each individual
daughter cell was split into 4 aliquots and transferred in equal amounts (in duplicates)
into primitive myeloid (LTC-IC) or primitive lymphoid (NK-IC) readout assays,
respectively. After an additional 7 weeks the assays were analyzed as described in
“Materials and methods.” Originally deposited cells as well as singularized daughter
cells that had both LTC-IC as well as NK-IC capacity were retrospectively considered
ML-ICs.?!

systems: 2 into primitive myeloid assays (LTC-IC) and 2 into
primitive lymphoid assays (NK-IC). This enabled us to determine
whether initially deposited cells gave rise to primitive progeny in
any of the functional assays.

As shown in Table 2 we formed 3 groups, discriminating
initially deposited cells which gave rise to (1) 2 colony forming
daughter cells (category Ila; 55 pairs of daughter cells); (2) those in
which only 1 daughter cell formed colonies (category IIb; 21 pairs);
and (3) the ones in which none of the daughter cells formed any
colonies (category Ilc; 101 pairs).

Category Ila and IIb cells, 76 cells in total, were further
subgrouped regarding to the cell fate adopted by the individual
daughter cells (Table 3). We used the following definitions: (1)
initially plated cells that only gave rise to primitive myeloid
hematopoiesis were defined as LTC-ICs; (2) those that gave rise
only to NK cells were defined as NK-ICs; and (3) cells that were
able to generate both LTC-ICs as well as NK-ICs were defined as
ML-ICs, closely related to the most primitive human hematopoietic
compartment.?!

In several cases colonies were found in the LTC-IC assays that
did not fulfill the well-defined morphologic criteria of secondary
colony formation. Since they resembled a macrophage-like morphol-
ogy without clonogenic proliferation we did not categorize them as

Table 1. Categorization of individual CD34+CD38- cells according to the occurrence of their initial in vitro cell division under

LAC-stimulated culture conditions

Category I: Category II: Category lIlI:
Deposited cells first division before day 5 first division days 5-10 first division after day 10
Experiment 1 130 93 26 11
Experiment 2 147 65 63 19
Experiment 3 139 78 54 7
Experiment 4 140 90 34 16
Total cell no. (mean % + SEM) 556 326 (59.0 = 11.7) 177 (31.5 = 11.1) 53 (9.5 + 3.5)

Values in table are total numbers of cells except where indicated.
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Table 2. Categorization of individual CD34+*CD38- cells performing their initial in vitro cell division under LAC-stimulated culture

conditions between days 5 and 10

Investigated
daughter cell pairs

Category lla: 2
colony-initiating
daughter cells

Category lib: 1
colony-initiating
daughter cell

Category lic: No
colony-initiating
daughter cells

Experiment 1 26
Experiment 2 63
Experiment 3 54
Experiment 4 34
Total cell no. (mean % = SEM) 177

3 1 22
16 5 42
13 7 34
23 8 3

55 (32.2 = 24.5) 21 (12.1 = 8.5) 101 (55.8 = 32.7)

Values in table are total numbers of cells except where indicated.

LTC-ICs but as macrophage colony-forming units (CFUs-M).
Remarkably, we found many cases in which individual cells had the
NK-IC capacity and gave rise to CFU-M—forming progeny. To
discriminate these cells from ML-ICs we called them macro-
phage/NK cell-initiating cells (M-NK-ICs).

In total, 15 of the original deposited cells had the ML-IC
capacity; 2 of them transmitted the ML-IC fate to both daughter
cells, and in the remaining cases only 1 of the daughter cells
adopted both, the LTC-IC as well as the NK-IC capacity (Table 4).
Remarkably, in 6 (40%) cases the non—-ML-IC daughter cell gave
rise to NK-ICs and formed macrophage-like colonies in the
LTC-IC assay, demonstrating that viable offspring of the correspond-
ing daughter cells were transferred into the latter assay. These
results suggest that in these cases the first-generation ML-IC
daughter cells contained different developmental capacities. Surpris-
ingly, we never found the constellation in which 1 ML-IC daughter
cell adopted the myeloid and the other 1 the lymphoid potential.

Only 3 of the 76 originally deposited cells were determined
exclusively as LTC-ICs; 2 of them gave rise to daughter cells, both
containing the LTC-IC potential (Table 4). Originally deposited
cells of the newly defined M-NK-IC group transmitted this cell fate
to both daughter cells in 46% of the cases studied, and to only 1
daughter cell in 54% (Table 4). In the latter cases the non—M-
NK-IC daughter cell died or gave rise to macrophage-like cells in
LTC-IC assays. We never found any daughter cell that had the
NK-IC potential only. Seventeen of the originally deposited cells
had NK-IC potential only, which was transmitted in 7 cases to both
daughter cells; in the remaining 10 cases only 1 of the siblings gave
rise to NK cells in our assays (Table 4). Most of the cells (13 of 17)
that were retrospectively named CFUs-M transmitted this fate to
both daughter cells; in the remaining cases, only 1 daughter cell
gave rise to the macrophage-like cells.

In summary, most of the originally deposited cells, retrospec-
tively determined as ML-ICs, gave rise to daughter cells with
different cell fates. In contrast, siblings of more-committed mother
cells seem to inherit a higher ratio of identical cell fates in our
assays (Table 4).

Discussion

Here, we analyzed primitive human hematopoietic cells in bulk
cultures and at a single-cell level, and report 3 major findings: (1)
we realized that upon cultivation CD34% cells split up into a
CD34*CD133* and a CD34*CDI133~ fraction; (2) using our
newly established single-cell separation approach we determined
the cell fate of primitive human hematopoietic cells and their
first-generation daughter cells individually and present evidence
for the existence of progenitor cells containing the capacity to form
NK cells and macrophages, but which lack more primitive myeloid

capacities (LTC-ICs); and (3) we demonstrate that the most
primitive ML-ICs have a high tendency (87%) to transmit their cell
fate to only 1 of the arising daughter cells. In contrast, the ratio of
more-committed progenitor cells giving rise to progeny adopting
identical cell fates to those adopting different cell fates is
more balanced.

Although there is increasing evidence that special hematopoi-
etic niches are required to maintain HSCs,>!! it is often suggested
that hematopoietic stem cells can divide asymmetrically to form
another HSC and a more-specified daughter cell.’** The latter
hypothesis is highly supported by the finding that immediate
progeny of primitive hematopoietic progenitor cells often adopt
different cell fates in myeloid readout systems.!?1%16.18 However,
as mentioned by Takano and colleagues, due to the lack of an
appropriate assay, the lymphoid potential of separated cells was not
analyzed in these studies.!® In this study we used the ML-IC assay,
a sensitive and efficient assay for the detection of both the myeloid
and lymphoid potentials of individual cells,'™?! and analyzed the
myeloid and lymphoid potentials of progenies of primitive human
hematopoietic cells at the single-cell level.

Supporting our previous data, we found that under LAC
conditions approximately 30% of the deposited CD34"CD38~
cells performed their initial cell division between culture day 5 and
10.1 We were able to determine retrospectively the cell fate of
approximately 45% of the initially deposited cells that performed
their first cell division between culture days 5 and 10. In 55% of the
cases studied none of the separated daughter cells gave rise to any
recognizable colony in our readout systems. Since similar frequen-
cies were obtained in our previous and other studies, in which
nonseparated CD34*CD38~ cells were analyzed in ML-IC as-
says,!?3! we suggest that loss of cells during the micromanipulation
procedure is more or less negligible. The efficiency of our
micromanipulation procedure is additionally supported by the fact
that we obtain similar ML-IC frequencies of nonseparated and
separated CD34+*CD38" cells performing their first cell division
under LAC conditions between culture days 5 and 10 (15 [8.5%]
cells of 177) or after day 5 (10.3% = 3.5%),!° respectively.

In this context it should be mentioned that all but 1 initially
deposited cell, which gave rise to only 1 colony-forming daughter
cell, were retrospectively determined to be more mature cells
(M-NK-ICs, NK-ICs, or CFUs-M), suggesting that the non—colony-
forming daughter cell was more committed and terminally differen-
tiated during the long-term culture period.

It is interesting to note that using the ML-IC assay we could
identify a novel human progenitor cell that has not been described
before. This progenitor, which we called M-NK-IC, has the
capability to initiate NK cell development and also gives rise to
macrophages but not to secondary clonogenic myeloid colonies in
LTC-IC assays. Similar to our findings, murine fetal liver but not
adult hematopoietic progenitors have been described as containing
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Table 3. Cell fate classification of initially deposited colony-initiating CD34+CD38~ cells
Category lla and
lib cells ML-ICs LTC-ICs M-NK-ICs NK-ICs CFUs-M

Experiment 1 4 1 0 1 2 0
Experiment 2 21 5 2 5 2 7
Experiment 3 20 4 0 5 8 3
Experiment 4 31 5 1 13 5 7

Total cell no. (mean % = SEM) 76 15 (21.2 = 4.0) 3(3.2 + 4.5) 24 (28.9 + 8.7) 17 (28.9 = 19.2) 17 (17.7 = 14.0)

Values in table are total numbers of cells except where indicated.

lymphoid and macrophage potential in short-term murine readout
systems.3233

According to the prevailing model of hematopoiesis, primitive
hematopoietic cells give rise to common myeloid and common
lymphoid progenitor cells, which have the developmental capacity
to form all myeloid or lymphoid lineages, respectively.’* Because
macrophages belong to the myeloid compartment, the discovery of
progenitors containing the M-NK-IC capacity is not compatible
with this model. In addition, the recent discovery of primitive
hematopoietic cells in mice and humans which contain the
lymphoid potential as well as the capacity to form granulocytes and
macrophages but not cells of the erythromegakaryocytic lineage, is
contrary to this model as well.»-37 In this context, Adolfsson and
colleagues offered a so-called composite model in which primitive
hematopoietic cells sequentially lose the capacity to form cells of
the megakaryocyte/erythroid and then of the granulocyte/macro-
phage potential during lymphoid commitment.*> Our findings
together with those of others®23*3% support this hypothesis and
further suggest that next to the megakaryocyte/erythroid potential
the granulocytic developmental capacity is lost during early
lymphoid commitment, leaving cells containing the capacity to
initiate lymphoid and macrophage development.

In previous studies it was found that siblings of primitive
hematopoietic cells often adopt different proliferation kinetics,
whereas more-committed progenitor cells give rise to daughter
cells dividing in a more uniform fashion. Differences in the
proliferation kinetics are often interpreted as a result of an
asymmetric cell division.!71%20 The theory of asymmetric cell
division is further supported by the finding that individual daughter
cells of primitive hematopoietic cells frequently adopt different cell
fates in myeloid progenitor assays.'? 141 However, until now there
was no evidence that the most primitive hematopoietic cells
containing the lymphoid as well as the myeloid developmental
potential give rise to daughter cells adopting different cell fates.
Therefore, we demonstrate here for the first time evidence that the
most primitive, in vitro—detectable hematopoietic cells, the ML-

Table 4. Cell fate classification of separated offspring of initially
deposited colony-initiating CD34+CD38- cells

DC no. 1

DC no. 2 ML-ICs LTC-ICs M-NK-ICs NK-ICs CFUs-M
ML-ICs 2 — — — —
LTC-ICs 3 2 — — —
M-NK-ICs 6 0 11 0 —
NK-ICs 1 1 0 7 —
CFUs-M 2 0 8 0 13
Dead 1 0 5 10 4
Identical cell fate, no. (%) 2(13.3) 2(66.7) 11 (45.8) 7 (41.2) 13(76.5)
Different cell fate, no. (%) 13(86.7) 1(33.3) 13(54.2) 10(58.8) 4 (23.5)

The more primitive separated daughter cell is defined as DC no. 1, the other as
DC no. 2. Values in table are total numbers of cells except where indicated.
— indicates not applicable.

ICs, give rise to daughter cells adopting different cell fates, which
could be the result of an asymmetric cell division. In addition, we
provide evidence that offspring of more-committed progenitors
that seem to contain similar proliferation kinetics also give rise to
cells adopting different cell fates in approximately 50% of the cases
studied. These findings demonstrate that proliferation kinetics of
arising daughter cells cannot be interpreted as indication for the
occurrence of asymmetric cell divisions.

Surprisingly, none of the deposited cells gave rise to siblings
that both adopted only partial capacities of their mother cells. In all
cases studied at least 1 of the arising daughter cells took over the
developmental capacity of the mother cell, most likely resembling
the predicted process of self-renewal. Committed progenitors have
a high tendency to expand their cell fate, especially by forming 2
daughter cells containing the same developmental capacity. Cells
of the most primitive compartment, the ML-ICs, have a very low
tendency to transmit their cell fate to both of the arising daughter
cells, which is consistent with the hypothesis that primitive
hematopoietic cells have a high tendency to divide asymmetrically.>

However, can we really conclude from these data that there are
asymmetric cell divisions within the primitive hematopoietic cell
compartment? It depends how we define “asymmetric cell divi-
sion.” If we define it from the point of the adopted cell fate, our data
would fulfill these criteria. If we define asymmetric cell division as
itis used in model organisms such as Drosophila or Caenorhabditis
elegans, in which an asymmetric cell division describes the process
in which 2 qualitatively different cells are formed by the different
distribution of certain factors which might act as cell fate determi-
nants,> our data will not fulfill these criteria. In principle, it could
be that even cells that form daughter cells adopting different cell
fates divide in a symmetric way, giving rise to 2 equally specified
daughter cells. Since the daughter cells in our as well as in other
experiments had the ability to stay in close contact with each other
before they were separated, they could theoretically have influ-
enced each other’s developmental capacity after mitosis. Develop-
mental processes like that are well described. For example, the
Notch-mediated process of lateral inhibition selects a single cell
within a group of equivalent cells to adopt another cell fate than the
remaining cells of that group.*%#! As Notch is required to maintain
primitive hematopoietic cells in an undifferentiated state,*? it might
be possible that 1 of the daughter cells activates the Notch signaling
pathway in a process of lateral inhibition in its sister cell, resulting
in the maintenance of the primitive cell fate in only 1 of the 2 cells.

Thus, we summarize that our data and data presented before are
not sufficient to conclude that primitive hematopoietic cells can
indeed divide asymmetrically. To unequivocally demonstrate that
hematopoietic cells can divide asymmetrically, markers need to be
defined which clearly segregate unequally within mitotic cells. We
have learned from model organisms that all cells which divide
asymmetrically are polarized during cell division and localize
certain molecules to distinct regions of the cells, which then get
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transmitted in an unequal way.*® As we recently could show that
several surface molecules, especially CD133, become distributed

GIEBEL et al

Anhang

BLOOD, 1 MARCH 2006 - VOLUME 107, NUMBER 5

in a localized fashion in cultivated primitive hematopoietic cells,*

it will be interesting to analyze the distribution of these markers in
dividing primitive hematopoietic cells. As we realized that the
more primitive CD34* cells of the slow-dividing fraction specifi-
cally express CD133, it might be possible that upon cell division
CD133 segregates into one of the arising daughter cells, perhaps
confirming the concept of asymmetric cell division within the

primitive hematopoietic cell compartment.
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Nucleofection, an Efficient Nonviral Method to Transfer
Genes into Human Hematopoietic Stem and Progenitor Cells

GREGOR VON LEVETZOW,!? JAN SPANHOLTZ,"* JULIA BECKMANN,!
JOHANNES FISCHER,! GESINE KOGLER,! PETER WERNET,! MICHAEL PUNZEL,!
and BERND GIEBEL!

ABSTRACT

The targeted manipulation of the genetic program of single cells as well as of complete organisms
has strongly enhanced our understanding of cellular and developmental processes and should also
help to increase our knowledge of primary human stem cells, e.g., hematopoietic stem cells (HSCs),
within the next few years. An essential requirement for such genetic approaches is the existence of
a reliable and efficient method to introduce genetic elements into living cells. Retro- and lentiviral
techniques are efficient in transducing primary human HSCs, but remain labor and time consum-
ing and require special safety conditions, which do not exist in many laboratories. In our study, we
have optimized the nucleofection technology, a modified electroporation strategy, to introduce plas-
mid DNA into freshly isolated human HSC-enriched CD34% cells. Using enhanced green fluores-
cent protein (eGFP)-encoding plasmids, we obtained transfection efficiencies of approximately 80 %
and a mean survival rate of 50%. Performing functional assays using GFU-GEMM and long-term
culture initiating cells (LTC-IC), we demonstrate that apart from a reduction in the survival rate
the nucleofection method itself does not recognizably change the short- or long-term cell fate of
primitive hematopoietic cells. Therefore, we conclude, the nucleofection method is a reliable and ef-
ficient method to manipulate primitive hematopoietic cells genetically.

INTRODUCTION

OR MORE THAN 30 YEARS, hematopoietic stem cells

(HSCs) have been successfully used in a various num-
ber of clinical applications (1). However, the current un-
derstanding about the molecular and cellular mechanisms
governing the biology of these cells remains limited. In a
variety of different organisms (e.g., Drosophila and
Caenorhabditis elegans) or cellular systems, the under-
standing of different cellular processes was fundamentally
improved by genetic approaches (2). In this regard over- or
ectopic-expression studies, as well as inhibition of expres-
sion by RNA interference, revealed important results, sim-

ilar to naturally occurring mutations. Therefore, an effec-
tive method to manipulate human HSCs or hematopoietic
progenitor cells (HPCs) genetically should help to increase
the current understanding of the basic mechanisms gov-
erning the biology of human HSCs and HPCs. Addition-
ally, an effective transfection method might help to improve
HSC/HPC applications in clinical trials.

In principle, there are different strategies to manipu-
late human HSCs/HPCs genetically, i.e., techniques
based on viral or nonviral gene transfer. Although viral
strategies are highly efficient to transfer genes into pri-
mary cells (up to 90%) (3), they are time consuming and
require special safety precautions to minimize the risk of
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exposure to biohazards (4), most nonviral techniques, e.g.
electroporation, require a prestimulation of the corre-
sponding cells and result in a maximal, regularly non-
permanent transfection efficiency of 30% (5,6).

Recently, a new and highly efficient nonviral method
called nucleofection technology was described. This
modified electroporation strategy, which delivers the
transfected nucleic acids directly into the nuclei of most
cell types investigated so far, permits transient transfec-
tion of primary cells without any prestimulation (7—10).
Indeed, we and others have successfully applied this tech-
nique to transfect freshly isolated human CD34% cells
and have obtained transfection efficiency rates of up to
80% when using green fluorescent protein (GFP)-encod-
ing plasmids (11,12). Because the survival rate of trans-
fected cells dropped significantly with decreasing cell
numbers used in a single nucleofection reaction, we now
have optimized the technology to transfect as little as 2 X
10° freshly isolated CD34 ™" cells.

For many experiments, especially those involving im-
mature cell types, it is required that the cell fate of treated
cells is not significantly altered by the transfection
method itself. Therefore, we have also assessed whether
the optimized nucleofection technology has any influence
on the developmental potential of human HSCs/HPCs.

MATERIALS AND METHODS
Cell preparation

Umbilical cord blood (CB) samples were obtained
from donors after informed consent according to the De-
claration of Helsinki. Mononuclear cells were isolated
from individual samples by Ficoll (Biocoll Separating
Solution, Biochrom AG, Berlin Germany) density gradi-
ent centrifugation. Remaining red blood cells were lysed
at 4°C in 0.83% ammonium chloride with 0.1% potas-
sium hydrogen carbonate, followed by a phosphate-
buffered saline (PBS) washing step. CD34% cells were
isolated by magnetic cell separation using the MidiMacs
technique according to the manufacturer’s instructions
(Miltenyi Biotec, Bergisch Gladbach, Germany), yield-
ing CD347 cells of 80.2 * 8.6 % purity (n = 19).

Transfection of CD34" cells

The pEGFP-N1 vector (BD Clontech, Heidelberg, Ger-
many) was amplified in Escherichia coli strain DH12S
(Invitrogen GmbH, Karlsruhe, Germany) and purified us-
ing an Endofree-Plasmid-Maxi-preparation kit (Qia-
gen,Hilden, Germany) according to the manufacturer’s
instructions.

CD34 " -enriched cells were divided into aliquots of equal
size (2-5 X 107 cells per aliquot) and were either not trans-
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fected, transfected without DNA (mock), or transfected
with 5 ug of the vector pPEGFP-N1 as described in the text.
By rinsing the transfection cuvettes two times with 1 ml of
120 [Iscove’s modified Dulbecco’s medium (Invitrogen
GmbH) supplemented with 20% fetal calf serum (FCS;
Biochrom, Berlin, Germany)] transfected cells were trans-
ferred into a 15-ml plastic tube and washed in a total vol-
ume of 10 ml of 120. Pelleted cells were incubated for 15
min in a humidified atmosphere at 37°C and 5% CO,, then
they were resuspended in 1 ml of Myleocult H5100 (Stem
Cell Technologies Inc, Vancouver, Canada) supplemented
with early-acting cytokines (fetal liver tyrosine kinase-3 li-
gand [FLT3L], stem cell factor [SCF], thrombopoietin
[TPO], each at 10 ng/ml final concentration [all PeproTech,
Inc., Rocky Hill, NJ]). Cells were cultured at a density of
~1 X 10° cells/ml, either in the presence or absence of the
general caspase inhibitor Z-VAD-FMK (BD Biosciences,
Heidelberg, Germany) in a humidified atmosphere at 37°C
and 5% CO..

Flow cytometry and cell sorting

After 2 days, cultivated mock- and GFP-transfected cells,
as well as nontransfected cells, were stained with an anti-
CD34-PeCy5 antibody (clone 581; BD Pharmingen, Hei-
delberg, Germany). CD34" cells of the controls and
successfully transfected CD34*GFP™ cells were highly pu-
rified using a Coulter EPICS Elite ESP fluorescence cell-
sorting system equipped with the Expo32 software (Beck-
man Coulter, Krefeld, Germany). For functional assays,
defined numbers of appropriate cells were immediately
sorted into corresponding media. Flow cytometric analyses
were performed on a Cytomics FC 500 flowcytometer
equipped with the RXP software (Beckman Coulter).

Functional assays

Primitive hematopoietic progenitors were assessed as
long-term culture initiating cells (LTC-IC) as described be-
fore (13). Briefly, 5,000 cells were sorted into LTBMC
medium consisting of Iscove’s modified Dulbecco medium
(IMDM; Invitrogen GmbH) containing 12.5% horse serum,
12.5% FCS for human myeloid LTC (both Stem Cell Tech-
nologies Inc), 2 mM L-glutamine, 100 U/ml penicillin, and
100 U/ml streptomycin (all Invitrogen GmbH). The cells
were transfered into 96-well tissue culture plates (Costar,
Corning Incorporated, New York) containing irradiated
stroma cells of the murine fetal liver cell line AFT024 (14)
in limiting dilutions (LDA; 22 replicates per concentration:
150, 50, 15, 5 cells/well). Half-medium exchanges were per-
formed once a week. After 5 weeks of culture in a humid-
ified atmosphere at 37°C and 5% CO,, all medium was re-
placed by secondary clonogenic methylcellulose medium
consisting of 1,12% methylcellulose (Sigma-Aldrich
Chemie GmbH, Steinheim, Germany) in IMDM (Invitro-
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gen GmbH) containing 30% FCS for human myeloid CFC
(Stem Cell Technologies, Inc.), 2 U/ml erythropoietin
(EPO; NeoRecormon; Roche Diagnostics GmbH, Mann-
heim, Germany), and 10% supernatant of the human blad-
der carcinoma cell line 5637 (13,15). Cells were cultured
for another 2 weeks before individual wells were scored for
the presence or absence of secondary colony-forming units
(CFU). Using Poisson statistics and the weighted mean
method, the frequencies of LTC-IC were calculated (15,16).

To perform CFU-GEMM assays, 250 cells were sorted
into MethoCult GF H4434 containing recombinant human
SCEF, interleukin-3 (IL-3), granulocyte/macrophage colony-
stimulating factor (GM-CSF), and EPO (Stem Cell Tech-
nologies Inc). The cells were incubated in a humidified
atmosphere at 37°C and 5% CO,. Hematopoietic colonies
were scored after 10-14 days as described before (13,15).

Stromal feeders for LTC-IC assays

The murine fetal liver cell line AFT024 was used as a
stromal feeder layer to support hematopoietic growth in
LTC-IC assays. The cell line was maintained at 33°C in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen
GmbH) containing 20% FCS (Biochrom AG) and 160 uM
2-mercaptoethanol (Invitrogen GmbH). The 96-well plates
(Costar, Corning Incorporated) used for the LTC-IC assays
were coated with 0.1% gelatin (Stem Cell Technologies,
Inc.) and seeded with AFT024 cells. Cells were grown to
confluence and irradiated with 2,000 rad. One day after ir-
radiation, all medium was replaced by LTBMC medium.

Immunofluorescence and microscopy

Analyses of living cells were performed at 37°C in a
humidified, 5% CO, atmosphere using a DMIRB inverse
fluorescence microscope (Leica, Bensheim, Germany).
Pictures were taken with an Axiocam digital camera and
processed using Axiovision Software (Carl Zeiss, Goet-
tingen, Germany).

Statistics

Experimental results from different experiments were
reported as mean * standard deviation of the mean (SD).
Significance analyses were performed with the paired
Student’s z-test.

RESULTS

Optimization of the nucleofection technology to
transfect primitive hematopoietic cells

As described recently, we have successfully applied the
nucleofection technology to transfect freshly isolated

CD34™" cells with different GFP-encoding plasmids (12).
When following the manufacturer’s instructions (espe-
cially using the nucleofection program UO08) and using
more than 5 X 105 CD34*-enriched cells, we obtained sat-
isfying transfection and survival rates. However, when us-
ing less than 5 X 10° CD34"-enriched cells in a single
transfection reaction, the survival rate decreased dramati-
cally, and transfection buffer-derived floe-like structures
arose within the concomitant cell culture. To overcome
these difficulties when transfecting as little as 2 X 10°
CD34*-enriched cells, we tested different nucleofection
programs and obtained the best results using the nucleo-
fection program UO1. However, even a large proportion of
the transfected cells were still viable at day 1 post trans-
fection (p.t.), most of them died within two days p.t. (data
not shown). In accordance with the original protocol, we
initially cultured transfected CD34 ™" cells in the presence
of the transfection buffer. When the transfection buffer was
removed immediately after the transfection procedure, the
survival rate of cultivated, transfected cells was obviously
increased (data not shown).

Electroporation processes create minipores in cell
membranes that selectively enable the passage of small
ions, resulting in a colloidal osmotic swelling that kills
cells (18,19). Because the postpulse pelleting procedure,
i.e., the immediate precipitation and incubation of pel-
leted, transfected cells for 15 min at 37°C, was reported
to suppress this swelling in human primary hematopoi-
etic stem cells (19,20), we adapted this procedure to our
protocol. Using our improved protocol and 5 ug of Endo-
free-preparted plasmid DNA (pEGFP-N1), we now ob-
tain survival rates at day 2 p.t. of 52.9% = 18.9% (n =
19) with a mean transfection efficiency of 79.8% =
14.1% (n = 19). Upon usage of higher amounts of plas-
mid DNA (10 ug), the viability of transfected cells
dropped down (data not shown).

Effects of apoptosis inhibitor Z-VAD-FMK on
cell survival

Recently, it was shown that the electrotransfection-in-
duced DNA uptake resulted in the induction of large-scale
apoptosis in CD34™" cells isolated from peripheral blood,
and that this apoptotic effect was clearly reduced when cas-
pase inhibitors, e.g., Z-VAD-FMK, were added to the post-
pulse culture media (20). To analyze whether inhibition of
caspases also increase the survival rate of nucleofected
CD347" cells, we compared the survival rate of nontrans-
fected, mock-transfected, and GFP-transfected CD34"
cells that were cultured in the presence or absence of
Z-VAD-FMK (20 uM or 120 uM) for 2 days (n = 6). As
depicted in Table 1, we did not find any significant impact
of Z-VAD-FMK on the survival rate of GFP transfected
CD347 cells; a slight increase was observed when added
at a final concentration of 120 uM (Table 1).
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TaABLE 1. MEAN SURVIVAL RATE OF CULTURED NONTRANSFECTED AND
TRANSFECTED CELLS 2 DAYS PoST TRANSFECTION
Untreated 20 uM Z-VAD-FMK 120 uM Z-VAD-FMK
Control 84.5% + 4.8% 76.3% * 12.4% 78.9% *= 11.0%
p = 0.061 p=0.171
Mock 76.7% * 10.5% 76.3% *= 10.7% 76.1% * 6.2%
p = 0.246 p = 0.045
GFP 49.5% = 19.0% 52.8% * 16.3% 60.4% * 7.6%
p =0.130 p = 0.044

Content of CD34% cells, 78.8% = 11.6%; GFP transfection rate, 85.1% =+ 5.0%; n = 6; p Val-
ues are given in relation to corresponding untreated cell fractions.

Effects of the nucleofection procedure on the cell
growth of CD34™ cells

As we have described recently, upon cultivation
CD34% cells increase in size and acquire a dynamic, po-
larized cell morphology, forming a leading edge at the
front and an uropod at the rear pole (12). To analyze
whether the nucleofection procedure has any morpholog-
ical effect on CD34 ™ cells, we compared GFP-transfected,
mock-transfected, and nontransfected cells. We realized
that most cultivated mock- or GFP-transfected CD34"
cells acquire a polarized cell shape similar to that of non-

transfected cells (Fig. 1). However, whereas nontrans-
fected CD34 ™" cells reach their final size at culture day 2,
transfected CD34* cells seem to be delayed in their cell
growth. This difference vanishes largely until day 3 post-
transfection (Fig. 2A). It should be mentioned that we ob-
served an additional reduction in cell growth upon treat-
ing transfected cells with Z-VAD-FMK (data not shown).

To analyze whether the transfection procedure has
any obvious influence on the expression of stem cell-
associated surface marker, we compared the content of
CD34 and CD133 expression of nontransfected as well
as of GFP-transfected cells over time. Under the con-

FIG. 1.

Upon cultivation, nontransfected as well as transfected CD34% cells acquire a polarized cell shape. (A) Nontransfected

CD34" cells. (B) Mock-transfected CD34™" cells. (C,C") GFP-transfected CD34 " cells. All depicted cells were derived from the
same CD34™" preparation. Apart from the nucleofection reaction, cells were treated the same. Photos were taken at day 2 post
transfection. GFP-transfected cells are clearly smaller than non- or mock-transfected cells (compare C to A or B, respectively).
Note that most cells, even the GFP-transfected cells, acquired a polarized cell shape.
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FIG. 2. Flow cytometric analysis of nontransfected and GFP-transfected cells. (A) Comparison of the size (FSC-height) and gran-
ularity (side scatter) of freshly isolated CD34" (day 0) and GFP-transfected cells (GFP) versus nontransfected cells CD34" cells at
day 2, day 3, or day 9 past transfection. Upon cultivation, cultured cells increase in size and granularity. While cultivated control cells
reach their final size after 2 days, the growth of GFP-transfected cells is delayed approximately 1 day. The “live” gate includes the
living and excludes the dead cells. (B) Expression of CD34 and CD133 in GFP-transfected or nontransfected control cells that were
cultured for 2 or 9 days in the presence of early-acting cytokines. Note that GFP-transfected cells express comparable levels of CD34
and CD133 expression than non-transfected cells. Only cells within the live gate (shown in A) are plotted.

ditions used, we observed similar dynamics of CD133
and CD34 expression in cultivated nontransfected or
GFP-transfected CD347" cells, respectively (Fig. 2B).
Starting from culture day 3, CD133 and CD34 expres-
sion declines over time leaving approximately 20%
CD1337CD34" cells at day 9 p.t. (Fig. 2B). In this con-
text, it is worth mentioning that although the strength
of GFP expression decreases more than 20-fold, ap-
proximately 50% of the cultured offspring of originally
GFP-transfected cells still express GFP after 9 days
(Fig. 2B).

Colony-forming potential of GFP-nucleofected
CD34% cells

To identify potential effects of the nucleofection pro-
cedure on the colony-forming potential of CD34™" cells,

we performed CFU-GEMM assays of either transfected
or nontransfected CD34* cells. To allow transfected cells
to recover from the transfection procedure and to express
the trans-gene, they were cultured for 2 days in the
presence of early-acting cytokines. Then, viable GFP™*
CD34% cells or CD34™" cells of the controls were puri-
fied by cell sorting and transferred in discrete numbers
into the CFU-GEMM assay.

According to our data, GFP transfected CD34" cells
form fewer colonies than non- and mock-transfected con-
trol cells do. However, we did not find any significant
alteration in the ratio of erythroid to myeloid to mixed
colonies in our assays (Table 2). The addition of the cas-
pase inhibitor Z-VAD-FMK to the cultures of the 2-day
lasting recovery phase did not reveal any positive effect
on the frequency of colony formation of transfected or
nontransfected cells (data not shown).
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TaBLE 2. MEgAN CoLoNY FORMATION OF NONTRANSFECTED AND TRANSFECTED CELLS AND RATE OF
WHITE TO RED TO MIXED COLONIES OF COLONIES FORMED

Colonies per 250

Survival rate CD34™" cells

Rate of red
colonies

Rate of white
colonies

Rate of mixed
colonies

Control 82.3% * 6.0% 119.6% =+ 64.7%

Mock 74.2% * 9.7% 108.6 = 56.0
p = 0.007 p = 0331

GFP 50.5% * 17.5% 86.3 + 76.2
p < 0.001 p = 0.097

18.2% = 11.3%
153% = 12.1%

p = 0206
16.0% = 10.5%
p = 0.288

62.8% * 14.2%
64.0% * 16.9%

p = 0440

60.3% * 15.8%

p = 0.245

19.0% = 11.6%
20.8% *= 12.8%

p = 0.386
23.7% *+ 20.8%
p=0.177

Content of CD347 cells, 78.8% * 10.0%; GFP transfection rate, 79.6% = 15.6%, n =10, p values are given in relation to

corresponding control cell fractions.

LTC-IC content of GFP-nucleofected
CD34% cells

To test if more primitive hematopoietic cells within the
CD34% cell fraction can be transfected without losing
their primitive cell fate, we performed LTC-IC assays of
successfully transfected CD34 ™" cells in comparison to
CD34* cells of the controls. Again, to allow the cells to
recover from the transfection procedure, we cultured
them for 2 days in the presence of early-acting cytokines,
before, either in the presence or in the absence of Z-VAD-
FMK.

According to our results, we detected a slight reduc-
tion in the LTC-IC frequency of transfected versus non-
transfected cells (Table 3). A beneficial effect of the cas-
pase inhibitor was not observed (data not shown).

DISCUSSION

In addition to their clinical relevance, primary human
HSCs provide an attractive and challenging system to
study certain biological processes, e.g., the process reg-
ulating the decision whether a stem cell is maintained as
a stem cell or becomes committed to differentiate. To an-
alyze such processes genetically, it is extremely helpful
to have a reliable and highly efficient method to geneti-
cally manipulate these cells without altering their cell fate
just by the method itself. As we and others have pub-
lished recently, the nucleofection technology is very ef-
ficient method to transfect human HSC-enriched CD34 "
cells transiently (11,12). Herein we report the optimiza-
tion of the nucleofection protocol to transfect transiently
as little as 2 X 10 freshly isolated, human HSC-enriched
CD34* cells and the effects of the transfection procedure
on the short-term as well as on the long-term cell fate of
these cells.

Using our optimized conditions and an enhanced (e)
GFP-encoding plasmid, we obtained transfection effi-
ciencies of 80.2% = 8.6% (n = 19) and survival rates of

52.9% * 18.9% at day 2 post transfection. This rate is
higher than that reported of the manufacturers, in which
precultured human CD34 ™ cells were transfected with an
efficiency of ~70% and a mean survival rate of less than
40% at day 2 post transfection (11). Optimized classical
electroporation procedures of human CD34™" cells result
in transfection efficiencies of around 30% and survival
rates up to 77%, but require a precultivation of trans-
fected cells (5,6), which frequently alters the cell fate of
primitive hematopoietic cells (21,22). In several studies,
freshly isolated CD34% cells were electroporated with
only low transfection efficiencies (6.9% and 12%) (5,23).
Comparable to classical electroporation procedures,
transfection rates obtained with liposome-based tech-
nologies remain far below the efficiency obtained with
the nucleofection technology (24).

Compared to nontransfected control cells (82.3% =
6.0%; n = 10), the cell survival rate of mock-transfected
cells is only slightly decreased (74.2% = 9.7%; n = 10)
whereas many of the GFP-transfected cells die within the
first 48 h post transfection (survival rate, 50.0% =
17.5%; n = 10). These results clearly demonstrate that
the lethality observed in our experiments is more related
to the presence of the DNA or to the strong GFP ex-
pression than to the nucleofection procedure itself. In-

TaABLE 3. MEAN LTC-IC RATE oF NONTRANSFECTED
AND TRANSFECTED CELLS
LTC-IC in
Survival rate surviving cells
Control 79.7% = 7.5% 51% = 1.5%
Mock T4.9% = 14.3% 4.9% = 0.5%
p = 0.183 p = 0353
GFP 53.0% = 23.8% 34% * 1.3%
p = 0.028 p = 0.059

Content of CD34% cells, 79.1% =+ 3.3%; GFP transfection
rate, 66.7% = 18.7%, n =4, p Values are given in relation to
corresponding control cell fractions.
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deed the occurrence of DNA-induced cell death in elec-
troporation experiments and the induction of apoptosis
by high levels of GFP expression have been reported be-
fore (19,20,25-27).

Consistent with these observations, we realized a re-
duced colony-forming frequency of isolated GFPTCD34+
cells in CFU-GEMM and LTC-IC assays compared to that
of isolated CD34™" cells of the mock-transfected or non-
transfected controls (Tables 2 and 3). Because the ratio of
erythroid to myeloid to mixed colonies formed by
GFP*CD34™" cells was largely the same as that of the
CD34™" control cells, we assume that the DNA and/or
GFP-induced cell death is rather unspecific than specific
for any of the CD34% cell subtypes. In summary, these
results suggest that DNA transfer into freshly isolated hu-
man CD34% cells by the nucleofection procedure reduces
the overall survival rate but has no major impact on the
cell fate of surviving cells. Therefore, the nucleofection
method is indeed a highly efficient and reliable method
to manipulate primitive hematopoietic cells genetically.

Although we observed that approximately 50% of the
offspring of the initially transfected cells still express low
levels of GFP after 9 days, it was not our aim to analyze
whether these cells were stably transfected or whether
GFP-encoding plasmids remained transiently in those
cells. As mentioned before, culture conditions have a ma-
jor impact on the fate of HSCs and HPCs; under most
stroma-free culture conditions, the majority of primitive
cells become committed within the first few days of cul-
ture (21,22).

Thus, the nucleofection method is a useful technique
to manipulate and dissect the genetic programs that reg-
ulate the maintenance or early commitment of HSCs or
HPCs. As shown here, by performing CFU-GEMM or
LTC-IC assays, it can easily be analyzed whether ex-
pression of certain genes modifies the colony-forming
frequency or the ratio of erythroid to myeloid to mixed
colonies in progenitor assays. As the morphology of cul-
tivated transfected CD34™" cells is not recognizably al-
tered in comparison to cultivated control cells, this
method is also very applicable to study the subcellular
distribution of introduced GFP-fusion proteins (12). Ac-
cording to the high transfection efficiency, the method
might also be helpful for in vivo applications of trans-
fected HSCs/HPCs in scientific or clinical approaches.
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10.4 Asymmetric cell division within the human
hematopoietic stem and progenitor cell compartment:
Identification of asymmetrically segregating proteins
(Beckmann et al., 2007)
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Asymmetric cell division within the human hematopoietic stem and progenitor
cell compartment: identification of asymmetrically segregating proteins

Julia Beckmann,! Sebastian Scheitza,! Peter Wernet,! Johannes C. Fischer,! and Bernd Giebel

TInstitute for Transplantation Diagnostics and Cellular Therapeutics, Heinrich-Heine-University Diisseldorf, Germany

The findings that many primitive human
hematopoietic cells give rise to daughter
cells that adopt different cell fates and/or
show different proliferation kinetics sug-
gest that hematopoietic stem cells (HSCs)
and hematopoietic progenitor cells (HPCs)
can divide asymmetrically. However, de-
finitive experimental demonstration is
lacking due to the current absence of
asymmetrically segregating marker mol-
ecules within the primitive hematopoietic
cell compartment. Thus, it remains an
open question as to whether HSCs/HPCs

have the capability to divide asymmetri-
cally, or whether the differences that have
been observed are established by extrin-
sic mechanisms that act on postmitotic
progenitors. Here, we have identified 4
proteins (CD53, CD62L/L-selectin, CD63/
lamp-3, and CD71/transferrin receptor)
that segregate differentially in about 20%
of primitive human hematopoietic cells
that divide in stroma-free cultures. There-
fore, this indicates for the first time that
HSCs/HPCs have the capability to divide
asymmetrically. Remarkably, these pro-

teins, in combination with the surrogate
stem-cell marker CD133, help to discrimi-
nate the more primitive human cultivated
HSCs/HPCs. Since 3 of these proteins,
the transferrin receptor and the tetraspan-
ins CD53 and CD63, are endosomal-
associated proteins, they may provide a
link between the endosomal compart-
ment and the process of asymmetric cell
division within the HSC/HPC compart-
ment. (Blood. 2007;109:5494-5501)

© 2007 by The American Society of Hematology

Introduction

Somatic stem cells are undifferentiated cells that can self-renew
over a long period of time in vivo and give rise to progenitor cells
that are committed to differentiate. Since both uncontrolled expan-
sion as well as loss of stem cells would be fatal for multicellular
organisms, the decision of self-renewal versus differentiation needs
to be tightly controlled. Therefore, key questions in stem cell
biology are how and which mechanisms govern these decisions.
Although mammalian hematopoietic stem cells (HSCs) are the
most intensively investigated somatic stem cells, the nature of
the factors controlling self-renewal and differentiation remain
largely unknown.

There is good evidence that HSCs can expand in vivo' and be
maintained in vitro in close contact to adequate stroma cells.>?
These observations point toward the existence of specialized HSC
niches, which was already hypothesized as early as 1978.6 Indeed,
it was recently shown that osteoblasts are key elements of HSC
niches in the endosteum of bone marrow (BM) and sinusoidal
endothelial cells of vascular HSC niches found in the spleen and
BM.” In addition to the data supporting the HSC niche model that
likely provides cell extrinsic cue, evidence suggest that cells of the
HSC and hematopoietic progenitor cell (HPC) compartment con-
tain capabilities to divide asymmetrically. Ogawa and colleagues
showed that after separation of paired murine and human HPCs that
were cultured in stroma-free suspension conditions, siblings gave
rise to colonies with significantly different characteristics.!0-1?
More recently, HSC-enriched cell populations were found to be
highly heterogeneous in respect to their function and their prolifera-
tion kinetics (ie, the proliferation rate of more primitive cells is
slower than that of committed ones).!3!> Furthermore, it was

observed that approximately 30% of primitive hematopoietic cells
(CD34*CD38" cells) give rise to daughter cells with heteroge-
neous proliferation kinetics and functions.!*16

Recently, we showed that human myeloid-lymphoid initiating
cells (ML-ICs), a subfraction of the CD34*CD38~ cells, when
cultured under stroma-free conditions give rise to daughters that
adopt different cell fates, with 1 cell inheriting the developmental
capacity of the mother cell, and 1 cell becoming more specified.!”
Similarly, in mice, up to 62% of primitive hematopoietic cells
(lin-CD34%%~¢-kit"Sca-1") give rise to daughter cells with differ-
ent myeloid developmental potentials.'®!® Although all these
observations are in accordance with the model of asymmetric cell
division in which primitive hematopoietic cells contain the
potential to give birth to 2 intrinsically different daughter cells,
it cannot be concluded that the observed differences are indeed
the result of an asymmetric cell division. In principle, these
differences could have been established by postmitotic, extrinsic
decision processes.!7.20-21

In organisms like Drosophila melanogaster and Caenorhabditis
elegans, in which asymmetric cell divisions have been proven to
occur, cells that divide asymmetrically are polarized during cell
division and localize specific molecules to distinct regions of the
cell, which are then transmitted unequally into the daughters.??
Therefore, to demonstrate that primitive hematopoietic cells can
indeed divide asymmetrically, molecules that clearly segregate
asymmetrically during mitoses of these cells need to be identified.
Here, we describe the identification of proteins containing extracel-
lular epitopes, which segregate differentially to daughters during
mitosis of approximately 20% of the human CD34*CD133*
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hematopoietic cells and confirm the occurrence of asymmetric cell
division within the human HSC and HPC compartment.

Materials and methods

Cell source and preparation

Human umbilical cord blood (CB), BM, and peripheral blood (PB) of
granulocyte colony-stimulating factor (G-CSF)-treated stem cell donors
were obtained from unrelated donors after informed consent was obtained
in accordance with the Declaration of Helsinki. The use of human cord
blood was approved by the ethics committee of Heinrich-Heine University.
Mononuclear cells (MNCs) were isolated from individual sources by Ficoll
(Biocoll Separating Solution; Biochrom AG, Berlin, Germany) density
gradient centrifugation as described previously.”> CD34% cells were
isolated by magnetic cell separation using the MidiMacs technique
according to the manufacturer’s instructions (Miltenyi Biotec, Bergisch
Gladbach, Germany).

If not stained immediately, freshly purified MNCs were cultured in a
humidified atmosphere at 37°C and 5% CO, at a density of approximately
1 X 10° cells/mL and freshly enriched CD34" cells at a density of
approximately 1 X 10° cells/mL in 120 (Iscove modified Dulbecco medium
[IMDM; Invitrogen, Karlsruhe, Germany] supplemented with 20% fetal
calf serum [FCS; Biochrom AG], 1000 U/mL penicillin, and 100 U/mL
streptomycin [Invitrogen]) in the presence of early-acting cytokines (fetal
liver tyrosine kinase 3 ligand [FLT3L], stem cell factor [SCF], and
thrombopoietin [TPO], each at 10 ng/mL final concentration [all from
PeproTech, Rocky Hill, NJJ).

Flow cytometry

For the proliferation kinetics, freshly isolated CD34" cells were stained for 4
minutes with 2 uM PKH2 (Sigma-Aldrich Chemie, Taufkirchen, Germany).
After 1 washing step, stained cells were cultured in 120 in the presence of
early-acting cytokines. For flow cytometric analyses, cells were stained with
AC133-phycoerythrin (PE; Miltenyi Biotec) and anti-CD34-PE/cytochrome 5
(PCy5) antibodies (BD PharMingen, Heidelberg, Germany).

For the screening procedure, MNCs were stained with different
combinations of 3 different antibodies as described in paragraph 3 of
Results. A list of the antibodies used is given in Table S1, available on the
Blood website; see the Supplemental Table link at the top of the online
article).

Flow cytometric analyses were performed on a Cytomics FC 500
flow cytometer equipped with the RXP software (Beckman Coulter,
Krefeld, Germany).

For the functional assays, the cells were highly purified using a Coulter
EPICS Elite ESP fluorescence cell sorting system equipped with the
Expo32 software (Beckman Coulter).

Immunofluorescence and microscopy

For subcellular localization studies of polarized and dividing primitive hematopoi-
etic cells, CD34% cells were cultured for 3 or 4 days in the presence of
early-acting cytokines in 120 medium before immunostaining. To conserve their
morphology, the CD34% cells were prefixed for 5 minutes at room temperature
with paraformaldehyde (Sigma-Aldrich Chemie) at a final concentration of 0.2%
in the medium. As the AC133 epitope of CD133 is sensitive to formaldehyde and
paraformaldehyde fixation, the cells for the extracellular staining procedure were
then incubated with the AC133-PE antibody (1:10; AC133/1; Miltenyi Biotec)
diluted in PBS containing 10% donkey serum (Jackson ImmunoResearch
Laboratories, West Grove, PA). They were stained for at least 10 minutes at 4°C,
and then postfixed with 4% paraformaldehyde in PBS for 20 minutes at 4°C.
Because PE is not a suitable fluorochrome for immunofluorescence microscopy,
we counterstained the AC133-labeled cells with Cy3-conjugated AffiniPure Fab
fragment donkey anti-mouse IgG (1:20; Jackson ImmunoResearch Laboratories)
diluted in PBS containing 10% donkey serum for at least 10 minutes at 4°C.
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Remaining mouse epitopes were saturated with unconjugated AffiniPure Fab
fragment rabbit anti-mouse IgG (1:10; Jackson ImmunoResearch Laboratories).
Cells were divided in different aliquots and stained with 1 of the following
primary mouse antibodies: anti-CD43-FITC (1G10; BD PharMingen), anti-
CD44-FITC (J173; Coulter Immunotech, Krefeld, Germany), anti-CD50-FITC
(TU41; BD PharMingen), anti-CD54-FITC (84H10; Coulter Immunotech),
anti-CDS3-FITC (HI29; BD PharMingen), anti-CD62L (FREGS56; Coulter
Immunotech), anti-CD63-FITC (H5C6; BD PharMingen), or anti-CD71
(YDJ1.2.2; Coulter Immunotech). These antibodies were counterstained using
Cy2-conjugated secondary antibodies (1:100; goat anti-mouse IgG; Jackson
ImmunoResearch Laboratories).

For the intracellular staining procedure, cultured and prefixed CD347
cells were fixed with 4% paraformaldehyde in PBS for 20 minutes at 4°C
and permeabilized using 0.1% Triton X100 (Sigma-Aldrich Chemie) in
PBS. After blocking in 10% donkey serum (Jackson ImmunoResearch
Laboratories), cells were incubated with the anti-CD63 antibody (1:50;
HS5CS; BD PharMingen) for at least 30 minutes at room temperature and
counterstained with Cy3-conjugated AffiniPure Fab fragment donkey
anti-mouse IgG (1:100; Jackson ImmunoResearch Laboratories) diluted in
PBS containing 10% donkey serum for another 30 minutes at room
temperature. After saturating remaining mouse epitopes with unconjugated
AffiniPure Fab fragment rabbit anti-mouse IgG (1:10; Jackson ImmunoRe-
search Laboratories), cells were stained with the anti-CD71 antibody (1:50;
YDJ1.2.2; Coulter Immunotech) and counterstained with Cy2-conjugated
secondary antibodies (1:400 goat anti-mouse IgG; Jackson ImmunoRe-
search Laboratories).

Labeled cells were mounted in 75% glycerin containing propylgallat
(50 mg/mL) and DAPI (200 ng/mL; Roche, Mannheim, Germany) and
observed with an Axioplan 2 fluorescence microscope (Carl Zeiss, Goettin-
gen, Germany) using a Zeiss Plan-Neofluar 100X objective lens (1.3 NA
O). Pictures were taken with an Axiocam digital camera and processed
using Axiovision 4.5 Software (Carl Zeiss).

Functional assays

For the long-term culture-initiating cell (LTC-IC) assays, approximately
6000 sorted cells were cocultured in a limiting dilution with the irradiated
murine fetal liver stroma cell line AFT024 in IMDM (Invitrogen) supple-
mented with 12.5% FCS, 12.5% horse serum (Cell Systems, St. Katharinen,
Germany), 2 mM L-glutamine (Invitrogen), 1000 U/mL penicillin, 100
U/mL streptomycin (Invitrogen), and 10~¢ M hydrocortisone as extensively
described previously.!*>* Briefly, cultures were maintained for 5 weeks in a
humidified atmosphere at 37°C and 5% CO, and fed once a week. At week
5, all wells were overlaid with clonogenic methylcellulose medium
(Methylcel MC; Fluka, Sigma-Aldrich Chemie) in a final concentration of
1.2% containing IMDM, supplemented with 30% FCS for colony-forming
cells (CFCs), 5 U/mL erythropoietin (Cell Systems), and supernatant of the
bladder carcinoma cell line 5637 (10%). Wells were scored for the
occurrence of secondary CFCs after an additional 10 days.

Statistics

Experimental results from different experiments were reported as standard
deviation of the mean. Significance analyses were performed with the
paired Student 7 test. LTC-IC frequencies were calculated as the reciprocal
of the concentration of test cells that gives 37% negative cultures using
Poisson statistics and the weighted mean method.

Results
Proliferation kinetics of cultured CD34" cells

Recently, we have shown that human CD34* cells grown for 5 days
in the presence of early- or late-acting cytokines in suspension
cultures segregate into CD34*CD133% and CD347CD133"%/~
subfractions. Furthermore, we realized that early-acting cytokines
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stimulate proliferation of CD34* cells more homogeneously than
late-acting cytokines.!” Since we aimed to study the subcellular
distribution of antigens in dividing human CB—derived primitive
hematopoietic cells and had the experimental requirement to obtain
sufficient mitotic cells numbers, we first estimated the proliferation
kinetics of CD34" cells labeled with the fluorescence dye PKH2
and subsequently cultured in the presence of early-acting cyto-
kines. Cells were harvested at different time points, counted, and
the expression of PKH2, CD133, and CD34 was analyzed by flow
cytometry. According to the PKH2 staining (Figure 1) and in
agreement with our previous studies,” only a few CD34" cells
undergo cell division within the first 48 hours of cultivation. The
proportions of both CD133* cells (Figure 1) and CD34 7 cells (data
not shown) were not altered during this period. Analysis of the
PKH?2 staining at later time points revealed that most of the CD34*
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Figure 1. Flow cytometric analyses of PKH2-stained CD34*-enriched cells.
PKH2-stained CD34"-enriched cells, either noncultivated (d0) or cultivated in the
presence of early-acting cytokines for 2, 3, 4, or 5 days (d2, d3, d4, d5), were
measured after labeling with anti-CD34 and anti-CD133 antibodies. The size and the
granularity of all cells is plotted in the panels of the first column, and the PKH2 and
anti-CD133 staining of the cells located in the live gates (shown in the first column) in
the panels of the second column. Quadrants are adjusted according to corresponding
isotype controls. Upon cultivation, CD34* cell increase in size and slightly up-
regulate CD133 on their cell surface (compare d0 with d2 plots). Starting at day 3, the
content of CD133" cells and the intensity of the PKH2 staining diminishes over time.
Since PKH2 is a plasma membrane intercalating dye, its staining gets diluted with
each cell division; the PKH2 intensity therefore reflects the number of cell divisions a
given cell has performed during cultivation. The perpendicular lines should help to
cluster cells regarding the number of cell divisions they had performed. The amount
of cells depicted in all plots is normalized to the cell numbers of day 0; therefore, plots
can be compared semiquantitatively. Note the small population with the weaker
PKH2 staining follows the same kinetics as the large brightly stained population,
demonstrating the reliability of the PKH2 experiment.
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cells in vitro undergo their first cell division between day 2 and day
3 in culture, and subsequent divisions during the next few days
(Figure 1). In agreement with our previous report,!” the content of
CD34" cells does not change during the first 5 days of culture (data
not shown). However, with the onset of cell division, the proportion
of CD1337 cells decreases between day 2 and 5 in culture (Figure
1). This corresponds to the maximum expansion period of CD34*
cells between days 3 and 4 seen in 3 different CB-derived CD34*
cell samples (expansion rate, 2.3 £ 0.4 times).

Because upon stimulation with late-acting cytokines CD133 expres-
sion was associated with the more primitive, slowly dividing CD34*
cell fraction,'” we assumed and verified (fourth paragraph of Re-
sults section) that cultivated CD34*CD133% cells are more
primitive than CD34"CD133!%/~ cells, and decided to preferen-
tially analyze CD34"CD133" cells in the course of this project.
Since the content of CD34"CD133* cells was significant higher
at culture day 3 compared with days 4 and 5 (day 3,
57.5% * 1.9%; day 4, 44.7% * 1.6%; day 5, 33.0% * 5.2%;
Paysigays < -003; Pyayziaays < -02;n = 3), we mainly used day-3
CB-derived CD34* cells for our further analyses.

Distribution of uropod markers in dividing CD34* cells

We have recently shown that several surface molecules, and especially
CD133, become distributed in a localized fashion in cultivated primitive
hematopoietic cells.”®> Now, we have studied their distribution in
dividing CD34" cells. To minimize extrinsic effects on the distribution
of these molecules, we generally cultured the cells under stroma-free,
nonadherent culture conditions before staining. We analyzed in total
2409 mitotic CD34* cells from 14 different CB samples that were
cultured for 3 or 4 days, respectively. A total of 1379 mitotic cells
represented late mitotic stages (telophase), in which the 2 cellular poles
can clearly be discriminated (Figure 2). Of the latter, 899 (65.2%) were
found to be positive for CD133, a ratio consistent with the content of
CD133" cells within the fraction of CD34* cells at day 3 of culture. In
892 of these mitotic cells, CD133 was distributed in a symmetrical
fashion, displaying its highest concentration at the cleavage furrow or at
the midbody, respectively (Figure 2). Only 7 (0.8%) late mitotic cells
were found in which the anti-CD133 staining was not symmetrically
distributed to the 2 prospective daughter cells; however, according to the
appearance of these cells, the nonsymmetric distribution was nonspe-
cific rather than specific.

Furthermore, we analyzed the distribution of other uropod markers
in late mitotic CD34* cells (CD43, CD44, ICAM-1, and ICAM-3). All
of these proteins were highly enriched at the cleavage furrow or
midbody of the stained cells studied (Table 1; Figure 2). In none of the
latter cells we did find any evidence for an asymmetric distribution of
these proteins. Together with the results presented in paragraph 6 of the
Results section, we assume that under the conditions used here, CD133
and the other uropod markers become highly enriched at the cleavage
furrow and at the midbody of all dividing CD34*CD1337 cells, and
thus do not identify putative asymmetric cell divisions.

Phenotypical characterization of the CD34tCD133* versus the
CD34+CD133'"%/~ cell fraction

Although our data argues against the possibility that CD133
segregates asymmetrically in dividing CD347CD1337 cells, the
kinetics of the cultured CD34* cells are principally compatible
with a model in which asymmetric cell divisions give rise to more
primitive cells that will maintain the CD34*CD133* phenotype,
and to committed cells that will reduce their CD133 surface
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Figure 2. Cell-surface distribution of uropod markers in late
mitotic CB-derived CD34+CD133* cells. Before double labeling
with anti-CD133 (red staining) and either anti-CD43, anti-CD44,
anti-ICAM-1, or anti-ICAM-3 antibodies (green staining), cells were
cultured for 3 days in serum-containing medium supplemented with
early-acting cytokines. Note that CD133 as well as the other uropod
markers are highly enriched at the cleavage furrow or midbody of
dividing CD34+CD133" cells. Column 1 shows anti-CD133 staining;
column 2, anti-CD43, anti-CD44, anti—ICAM-1, and anti—ICAM-3
staining of cultivated CD34* cells; column 3, merge of columns 1 and
2; column 4, DAPI staining; and column 5, light microscopy images of
the stained cells.

expression postmitotically. At this point we hypothesized that if
CD34+CD133* cells indeed can divide asymmetrically to give rise
to CD347CD133" and CD34+*CD133"%~ cells, any protein that is
expressed differentially among these populations might be a
candidate for a protein that segregates differentially in asymmetri-
cally dividing CD34*CD133* cells.

Thus, to challenge this hypothesis, we next screened for proteins that
are expressed differentially on both populations. For the screening
procedure, we cultured CB-derived MNCs in the presence of early-
acting cytokines for 3 days. Then, cells were stained with anti-
CD133-PE and anti-CD34-PCyS5 antibodies as well as with 1 of 58
different FITC-conjugated antibodies that recognize different surface
antigens. The expression levels of the corresponding antigens were
measured by flow cytometry. Using a gating strategy on CD34* cells,
the expression of the different antigens on CD34+*CD1337 cells as well
as on CD347CD133%~ cells was analyzed and compared with each
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BM-derived and 2 PB-derived MNC fractions as well and obtained
comparable results (data not shown).

According to our results, the expression levels of CDS53,
CD62L, CD63, and CD71 displayed the highest contrast between
CD34*CD133" and CD34*CD133"%~ cells of the MNC fractions
(Figure 3). To exclude any influence of CD34~ MNCs on the
expression levels of these antigens, we analyzed the expression of
CD53, CD62L, CD63, and CD71 on purified CB-derived CD34*
cells that were cultured for 3 days in the presence of early-acting
cytokines and obtained comparable results (Figure S1).
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Functional characterization of the newly identified
CD34+ subpopulations

To functionally characterize the newly identified CD34* subfractions,
we have purified CD133" and CD133°%~ fractions in combination

other (Figure 3). According to our results, 39 of these antigens were ungated CD34 ungated CD34*
judged to be expressed on cultivated CD34" cells, with 19 of them 2 i‘cmﬁ- ] wogeen | oo TRl | Bnln
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"R s TR B ] 1_‘“\ i
Table 1. Analyses of the uropod marker distribution in mitotic L : | g IA
CD34+ cells L B e
No. stained Content of CD133+ CD53 con
n telophases telophases, % Figure 3. Flow cytometric analyses of CB-derived MNCs that have been
cultivated for 3 days in the presence of early-acting cytokines. Plots represent
£bas3 3 95 187 MNCs that are ungated or gated on CD34" cells. The CD34" gate used is shown in
CD44 3 195 87.2 the first plot of the first row. The size of these cells plotted against their granularity is
ICAM-1 3 124 95.2 shown in the second plot of row 1. The remaining plots represent the intensity of
ICAM-3 4 135 80.7 CD1383 staining against the intensity of the isotype control, an anti-CD38, anti-CD47,

nindicates number of CB samples analyzed. The distribution of different antigens
was studied in late mitotic cells counterstained with CD133. In all of the late mitotic
cells analyzed, antigens were distributed in a symmetric fashion.

anti-CD53, anti-CD62L, anti-CD63, or anti-CD71 staining, respectively. Quadrants
are adjusted according to isotype controls of CD34 negative cells. Note that
CD34+CD133" cells contain different levels of CD53, CD63, CD62L, and CD71 than
CD34*CD133"%~ cells.
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with CD38, CD53, CD62L, CD63, or CD71 by fluorescent cell sorting
(Figure S1B) and analyzed their primitive myeloid developmental
capacity, measured as LTC-ICs. CD34* cells of the same samples were
purified in parallel and analyzed as controls. According to our results,
the LTC-IC frequency within the purified CD34"CD133" cell fractions
was significantly higher than in their CD34TCD133"%~ counterparts or
in the total CD34% cell fractions (Table 2). Compared with the
subfraction of cultivated CD133*CD38°%~ and CD133"CD71"¥ cells,
cells of the CD133*CD53*, CD133"CD62L", and CD133*CD63"v
subfractions can be recognized as distinct cell populations (Figures 3,
S1). Therefore, CD53, CD62L, and CD63 provide markers, which can
be used in combination with CD133 to objectively identify potentially
more primitive cells within the fraction of cultivated CD34* cells.

Subcellular distribution of identified antigens in polarized
CD34+CD133* cells

To subcellularly localize the identified antigens on polarized
CD34% cells, we stained CD34% cells cultured for 3 days with
antibodies against these markers and an anti-CD133 antibody.
CD53 and CD63 were highly concentrated in vesicular-like
structures at the base of the uropod. CD71 was distributed over the
cell surface, including the leading edge of CD34 ™ cells; in addition,
it was highly concentrated in vesicular-like structures at the base of
the uropod. CD62L was highly concentrated at the tip of the
uropod, where it seemed to colocalize with CD133; in addition,
faint staining was sometimes found at the base of the uropod
(Figure 4). It should be mentioned that compared with the staining
with the other antibodies, the anti-CD62L antibody staining is
generally very weak on fixed cells.

CD53, CD62L, CD63, and CD71 segregation during mitosis
of CD34+CD133+* cells

Hence, the proteins identified in our screen are candidates that
might segregate differently during mitosis. Therefore, we have
analyzed the distribution of CD53, CD62L, CD63, and CD71 on
CD34*CD133" cells of late mitotic stages (telophase). On approxi-
mately 20% of the mitotic cells studied, CD53* (19.6%), CD63*
(20.5%), and CD71% (22.1%) vesicular structures were found
preferentially in 1 of the prospective daughter cells, suggesting that
these structures segregate differentially (Table 3, Figure 5). We also
found late telophase CD347CD133" cells that displayed an
asymmetric distribution of the CD62L antigen (15.2%). However,
due to the weak anti-CD62L antibody staining of fixed cells, the
number of asymmetrically dividing CD133*CD62L" cells might
be underestimated.
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Intracellular distribution of CD63 and CD71 in late mitotic
CD34+ cells

Since CD53, CD63, and CD71 are expressed on vesicular-like
structures and have been reported to be associated with the
endosomal traffic,>>28 the vesicular-like structures might corre-
spond to budding endosomes. To exclude the possibility the
asymmetric distribution of these structures is connected to a very
dynamic process, which might frequently switch among the
daughter cells, we decided to study the intracellular distribution of
the identified antigens. Due to an incompatibility between the
anti-CD53 antibody and the intracellular staining procedure, we
double-stained cultured CD34* cells with anti-CD63 and anti-
CD71 antibodies. In all cases studied, the anti-CD63 and the
anti-CD71 staining colocalized (Figure 5B). In support of the data
presented in the previous paragraph, we found an asymmetric
distribution of the anti-CD63- and anti-CD71—stained structures in
approximately 20% of the mitotic cells (Table 3, Figure 5B).

Discussion

Challenging the hypothesis of asymmetric cell division within the
primitive hematopoietic cell compartment, we demonstrate here for
the first time that primitive human hematopoietic cells indeed
contain capabilities to divide asymmetrically. Furthermore, we
report the identification of cell surface proteins that, in combination
with CD133, can be used to define more primitive hematopoietic
cells within the CD34* cell fraction. In addition, these proteins led
to the discovery of a potentially new subcellular plasma-membrane
domain on migrating CD34" cells in which endosomes seem to be
formed to bud into the interior of the cell.

Asymmetric cell division of primitive hematopoietic cells

It has been suggested that HSCs can divide asymmetrically to
give rise to 1 cell maintaining stem cell fate and to a daughter
that is committed to differentiate. In agreement with this
hypothesis, the findings of several groups, including our own,
have demonstrated that primitive hematopoietic cells give rise
to daughter cells adopting different cell fates or realizing
different proliferation kinetics, respectively.!%-15:17 Following a
definition in which a cell division is defined as asymmetric or
symmetric according to the cell fates of its daughter cells,?
these results would clearly demonstrate that primitive hemato-
poietic cells divide asymmetrically. However, if a more restric-
tive definition is used, in which asymmetrically dividing cells

Table 2. Functional analyses of sorted CD34+ sub-fractions in LTC-IC assays

LTC-IC PCD133* to PCD133* to
frequency n CD34', % CD133*, % CD133low/-, 9, CD133low/~ CD34+
CD38 3 42+35 CD38°w, 13.4 = 1.8 CD38%,0.3 + 0.4 <.01 <.02
CD53 5 34 27 CD53%,79 =42 CD53%/~, 1.1 = 1.0 < .03 < .03
CcD62L 5 3427 CD62L*, 8.9 + 3.9 CD62L'w/~, 0.3 + 0.1 < .01 <.01
CD63 5 53+28 CD63'W~,11.4 + 3.0 CD63%,0.3 + 0.2 < .01 <.01
CD71 5 34 27 CD71'%%,12.7 = 10.0 CD71%,1.0 = 0.8 < .06 < .05

n indicates number of experiments; CD34*, LTC-IC frequency of CD34 " cells purified at culture day 3 (note: identical CB- samples for CD53, CD62L, and CD71
analyses were used); CD133*, LTC-IC frequency of purified, cultured CD34* CD133* cell fractions which are CD38'°¥, CD53*, CD62L*, CD63'°V/~, or CD71'ov,
respectively; CD133°%, LTC-IC frequency of purified, cultured CD34* CD133'°%~ cell fractions which are CD38*, CD53"°%~, CD62L'"~, CD63*, or CD71*,
respectively; P CD133" to CD133°%/~, P values of significance analyses of the LTC-IC frequency of CD34+CD133" cell fractions compared with that of corresponding
CD34+CD133"%/~ cell fractions; PCD133* to CD34*, P values of significance analyses of the LTC-IC frequency of CD34*CD133* cell fractions compared with that of
corresponding CD34 " cell fractions.
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Figure 4. Localization of CD53, CD62L, CD63, and CD71 in
polarized CD34+CD133* cells. CD53, CD63, and CD71 are local-
ized in vesicular-like structures at the base of the uropod. In addition,
CD71 is expressed all over the cell surface, including the leading edge
(left side of the cell shown in column 2). CD62L is highly localized at
the tip of the uropod and colocalizes with CD133. Column 1 shows
anti-CD133 staining; column 2, anti-CD53, anti-CD62L, anti-CD63,
and anti-CD71 staining of CD34 " cells; column 3, merge of columns 1
and 2; column 4, DAPI staining; and column 5, light microscopy
images of the stained cells.

are defined as cells that by the different segregation of certain
molecules become qualitatively different, these results are not
sufficient to demonstrate asymmetric cell divisions within the
primitive human hematopoietic cell compartment. The observed
differences in the cell fate or the proliferation kinetics could
theoretically be a result of extrinsic mechanisms that act
postmitotically and alter the developmental capacities of ini-
tially identical daughter cells. A well-analyzed process in which
cells with identical developmental capacities become different
is the process of lateral inhibition, sometimes also referred as
mutual inhibition or lateral specification. In this process, cells
with identical developmental capacities mutually influence each
others cell fate to become different.?>?! Since this process is
mediated by the Notch signaling pathway, which plays impor-
tant roles during early and late hematopoiesis,?’ its action is one
of several other predictable, postmitotically acting mechanisms
which theoretically could account for the observed differences.

However, by the identification of marker proteins that
segregate differently in approximately 20% of the mitotic,
CB-derived CD34*CD133" cells, it now becomes evident that
primitive hematopoietic cells can indeed give rise to qualita-
tively different daughter cells and thus divide asymmetrically.
Since we raised the cells in stroma-free suspension cultures, and
the cells grew nonadherently, we suppose that the asymmetric
distribution of the proteins in mitotic cells is assigned intrinsi-
cally rather than induced by extrinsic signals that might directly
affect the subcellular localization of the identified proteins. This
assumption is further enforced by the findings that (1) the ratio
of late mitotic cells with asymmetric protein distributions fits
into the same range with which primitive human hematopoietic
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cells deposited as single cells in suspension cultures generate
daughter cells realizing different cell fates and different prolifera-
tion kinetics, and (2) that the latter rate was not influenced by the
different cytokine conditions used to raise these cells in vitro.!+10
Although we cannot exclude that daughter cells inheriting
different levels of the identified marker proteins can compensate
for these differences and adopt identical developmental poten-
tials, this congruency suggests that there is a high correlation
between the marker distribution and the acquired cell fates of
the daughter cells, which is supported by the fact that CD133
and the expression of the marker proteins we describe here
correlates very well with the primitive state of CD34" cells.
More primitive CD347CD133% cells express higher levels of
CDS53 and CD62L as well as lower levels of CD63 and CD71
than the more mature CD34"CD133!°%~ cells. In this context, it
should be noted that, in combination with CD133 and CD62L,
CD53 or CD63 more objectively defined subpopulations of
CD34" cells can be recognized and purified than with the CD38
antigen, which is commonly used to discriminate more primitive
human HPCs (CD347CD38"°%~) from more mature ones
(CD347CD38%).31:32 According to our findings, we postulate
that asymmetrically dividing CD34*CD133% cells obtaining
more CD53 or CD62L or less CD63 are more primitive than
their sister cells. As CD71 is distributed along the whole plasma
membrane, we suggest that the daughter cells inheriting more of
the CD71-stained vesicular-like structures will express higher
levels of CD71 than their sister cells. Since CD34TCD133TCD71'v
cells are more primitive than CD34+*CD133"°"CD71" cells, we
assume that the daughter cells inheriting more of the CD71%
vesicular-like structures are more mature than their sister cells.

Table 3. Distribution of CD53, CD62L, CD63, and CD71 in late mitotic CD34+* cells

Total no. Total no. asym Content of asym Average rate of asym
Antigen n telophases telophases telophases, % telophases per CB, %
CD53/CD133 3 97 19 19.6 189 +9.4
CD62L/CD133 4 112 17 15.2 17.8 £ 13.7
CD63/CD133 5 146 30 20.5 236 + 6.5
CD71/CD133 4 131 29 221 29.9 = 16.3
CD63/CD71 4 221 40 18.1 20.3 = 6.5

The distribution of different antigens was studied in late mitotic cells counterstained with CD133 or in cells that were intracellularly stained with CD63 and CD71.

n indicates number of CB samples analyzed; asym, asymmetric.
*Data shows telophases.
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B CD71 intra

Figure 5. Localization of CD53, CD62L, CD63 and CD71 in dividing CD34+CD133+
cells. (A) Cell-surface distribution of CD53, CD62L, CD63, and CD71 on late mitotic
CD34+CD133" cells. For each of these markers, 1 mitotic cell is shown containing a
symmetric distribution of the given antigen (top row), and 1 containing an asymmetric
distribution (bottom row; green staining). Cells are counterstained with an anti-CD133
antibody (red staining) and DAPI (blue staining). Light microscopy images of the
stained cells are presented in the fifth column. (B) Intracellular distribution of CD63
(red staining) and CD71 (green staining). The overlay of the 2 is given in the third
column.

This view is supported by the result of our intracellular staining
procedure, in which CD63* vesicular-like structures, which are
supposed to label more mature cells, cosegregate with the
CD71-stained structures. In addition, and consistent with our
functional data, it was reported several years ago that
CD34*CD71"% cells are more primitive than CD34TCD71"
cells.?33* Similarly, previous evidence showed that CD62L
expressing CD34% cells are more primitive than CD62L~
CD34% cells.?>3¢ To our knowledge, neither CD53 nor CD63
have been associated with the fate of CD34" cells. Therefore,
we have qualified these as new markers to discriminate primitive
cultured CD34* cells from more mature cells.

Tetraspanins

Both CD53 and CD63 encode members of the evolutionary
conserved tetraspanin family, a large superfamily of small cell-
surface membrane proteins characterized by 4 transmembrane and
2 extracellular domains. At present, 28 members of this family have
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been documented in humans, many of them expressed on multiple
cell types. They seem to organize novel types of cell-surface
membrane microdomains, the tetraspanin-enriched microdomains
(TEMs), novel signaling platforms which are distinct from lipid
rafts.’”3% However, little is known about their function, though
tetraspanins seem to take part in regulating the activation, motility,
and antigen presentation of different leukocytes.?”-3 Interestingly,
it has been shown that, in addition to the cell surface, many
tetraspanins, including CD53 and CDG63, are localized on the
internal vesicles of multivesicular endosomes and on exosomes.?
Due to the interaction between CD63 and subunits of AP-2 and
AP-3 complexes, it is linked to clathrin-dependent endocytotic
pathways and seems to play a role in the recycling of plasma
membrane components and their transport to appropriate intracellu-
lar compartments.2>27-39-42

Since the transferrin receptor (CD71) also cycles between the
plasma membrane and the endosomal compartment and can be
secreted on exosomes,?®3% 3 of the 4 identified proteins that
frequently segregate asymmetrically in dividing CD34*CD133*
cells are linked to the endosomal/exosomal compartment. This,
together with the fact that anti-CD53, anti-CD63, and anti-CD71
staining is highly enriched in vesicular-like structures in polar-
ized as well as in mitotic CD34*CD133" cells, suggest that the
vesicular-like structures correspond to budding endosomes. This
assumption is further supported by our finding that in living
CD34" cells, antibodies against CD63 and CD71 become
internalized within the region that is highly enriched for these
vesicular-like structures (data not shown). Since these presump-
tive budding endosomes are highly enriched in a region at the
base of the uropod, they define a membrane domain that to our
knowledge has not been previously described in polarized
CD34" cells. Furthermore, these results reveal a link between
the endosomal compartment and mechanisms governing the
asymmetric cell division of primitive human hematopoietic
cells. It will, in the future, be interesting to determine the
similarities between this asymmetric cell division in human
HPCs and the role of the endosomal compartment and mecha-
nisms governing asymmetric cell divisions that have been
described in Drosophila.*?
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Supplement Table 1: Antibody clones used for flow cytometry and immunostaining

antigen fluorochrome antibody clone company
BCRP Fitc 5D3 Chemicon
BDCA-1 Fitc AD5-8E7 Miltenyi
BDCA-2 Fitc AC144 Miltenyi
BDCA-3 Fitc AD5-14H12 Miltenyi
CD1a Fitc HI149 Pharmingen
CD1c Fitc AD5-8E7 Milteny

CD7 Fitc 8H8.1 Immunotech
CD13 Fitc SJ1D1 Immunotech
CD14 Fitc RMO52 Immunotech
CD15 Fitc 80H5 Immunotech
CD18 Fitc 7E4 Immunotech
CD25 Fitc 2A3 Pharmingen
CD28 Fitc CD28.2 Immunotech
CD29 Fitc K20 Immunotech
CD31 Fitc WM59 Pharmingen
CD32 Fitc FLI8-26 Pharmingen
CD33 Fitc D3HL60-251 Immunotech
CD40 Fitc 5C3 Pharmingen
CD45 Fitc HI30 Pharmingen
CD45RA Fitc ALB11 Immunotech
CD45RO Fitc UCHLA1 Immunotech
CD47 Fitc B6H12 Pharmingen
CD48 Fitc J4-57 Immunotech
CD49d Fitc HP2/1 Immunotech
CD49e Fitc SAM1 Immunotech
CD53 Fitc HI29 Pharmingen
CD58 Fitc AICD58 Immunotech
CD59 Fitc p282(H19) Pharmingen
CD62E Fitc 1.2B6 Serotec
CD62L Fitc FREG56 Immunotech
CcD62P Fitc AK-4 Pharmingen
CcD63 Fitc H5C6 Pharmingen
CD64 Fitc 22 Immunotech
CD69 Fitc FNSO0 Pharmingen
CD71 Fitc YDJ1.2.2 Immunotech
CD74 Fitc M-B741 Pharmingen
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CD80 Fitc MAB104 Immunotech
CD83 Fitc HB15a Immunotech
CD90w Fitc F15.42-1-5 Immunotech
CcDo7 Fitc VIM3b Pharmingen
CD99 Fitc TU12 Pharmingen
CD105 Fitc SN6/N1-3A1 Ancell
CD106 Fitc BBIG-V3(IE10) R&D
CD134 Fitc ACT35 Pharmingen
CD164 Fitc N6B6 Pharmingen
CD200 Fitc 0OX-104 Serotec
Cytokeratin Fitc J1B3 Immunotech
GM-CSF Receptor Fitc M5D12 Pharmingen
HEA Fitc HEA125 Miltenyi
HLA-A2 Fitc BB7.2 Pharmingen
HLA-ABC Fitc B9.12.1 Immunotech
MDR Fitc 17F9 Pharmingen
vwF Fitc AHPO62F Serotec
Isotype Fitc MOPC-21 Pharmingen
CD38 Fitc T16 Immunotech
CD43 Fitc 1G10 Pharmingen
CD44 Fitc J.173 Immunotech
CD50/ICAM-3 Fitc TU41 Pharmingen
CD54/ICAM-1 Fitc 84H10 Immunotech
CD133 Pe AC133 Miltenyi
Isotype Pe MOPC-21 Pharmingen
CD34 PCy5 581 Pharmingen
CcD63 non-conjugated H5C6 Pharmingen
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Supplemented Figure 1: Flow cytometrical analyses and sort-strategy of CB-derived
CD34" enriched cells which have been cultivated for 3 days in the presence of early
acting cytokines. The level of anti-CD133 staining is plotted against the anti-CD38, anti-
CD53, anti-CD62L, anti-CD63 or anti-CD71 staining, respectively. Cells represented in (A)
were analyzed in comparison to an isotype control. (B) Cells of the same cell fractions within
the live gate (first plot) were sorted according to the gates shown in plot 2-5 of column 1.

Column 2 and 3 represent ungated analyses of the sorted cell fractions.
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10.5 Asymmetric cell divisions of human hematopoietic stem
and progenitor cells meet endosomes (Giebel und
Beckmann, 2007)
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List of abbreviations:

BM bone marrow

CB umbilical cord blood

Dpp Decapentaplegic

ESCRT endosomal sorting complex required for transport
HPC hematopoietic progenitor cell

HSC hematopoietic stem cell

LAMP-3 lysosome associated membrane protein 3
MVBs multi vesicular bodies

SARA Smad-anchor-for-receptor-activation
SOP sensory organ precursor

Tkv Thickveins
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Abstract

Hematopoietic stem cells (HSC) are undifferentiated cells, which self-renew over a long
period of time and give rise to committed hematopoietic progenitor cells (HPC) containing the
capability to replenish the whole blood system. Since both uncontrolled expansion as well as
loss of HSC would be fatal, the decision of self-renewal versus differentiation needs to be
tightly controlled. There is good evidence that both HSC niches as well as asymmetric cell
divisions are involved in controlling whether HSC self-renew or become committed to
differentiate. In this context, we recently identified four proteins which frequently segregate
asymmetrically in dividing HSC/HPC. Remarkably, three of these proteins, the tetraspanins
CD53 and CD63, and the transferrin receptor are endosome-associated proteins. Here, we
highlight these observations in conjunction with recent findings in model organisms which
show that components of the endosomal machinery are involved in cell-fate specification

Processces.
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Introduction

Somatic stem cells are undifferentiated cells that are required to maintain homeostasis in a
variety of tissues throughout life. To achieve tissue regeneration these cells need to contain
livelong lasting self-renewal and differentiation capacities. While uncontrolled expansion of
stem cells is often connected to the establishment of cancer,l'4 loss of stem cells, which occurs
during aging, can result in degenerative diseases.”® Thus, a key question in stem cell biology
is, how and which mechanisms govern the decision whether stem cells or their sibling cells
self-renew or differentiate, a question we and others address at the example of human
primitive hematopoietic cells, a fraction of cells containing both, hematopoietic stem cells

(HSC) and hematopoietic progenitor cells (HPC).” "

The hematopoietic stem cell niche

Considering that HSC can expand in vivo,'* many attempts have been undertaken to expand
repopulating HSC in vitro. And although it was found that HSC can be maintained in close

15-19

contact to certain stroma cells, stroma-free culture conditions regularly fail to even

20-22 Therefore, the

support long-term ex vivo maintenance of primitive hematopoietic cells.
surrounding environment and thus a special combination of extrinsic factors are required to
keep HSC in a primitive state. These observations are compatible with the model of the HSC
niche that was already hypothesized by Raymond Schofield in 1978.% According to this
model stem cells are associated with other cells that determine their behaviour, i.e. they
prevent the stem cells' maturation and thus assure their continued proliferation as stem cells,
while their progeny, unless they can occupy similar stem cell niches, become committed to
differentiate.”® Indeed evidence for the occurrence of HSC niches has recently been
provided.24 Osteoblasts in the endosteum of the bone marrow (BM) and sinusoidal endothelial
cells in the spleen and BM have been described to participate in the formation of bone
marrow or vascular HSC-niches, respectively.”>’ It seems that the receptor tyrosine kinase
Tie2, expressed on HSC, and its cognate ligand Angiopoietin-1 produced by osteoblasts play
a crucial role in these niches.?® Furthermore, osteoblasts express the Notch ligand Jagged-1,
which can activate the Notch signalling pathway. This, together with the fact that in co-
cultures the long-term supportive effect of osteoblasts is strongly reduced by addition of a y-
secretase inhibitor capable of blocking Notch activation, suggests that another important

function of HSC niches is the activation of the Notch signalling pathway,* which has also
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been associated with the maintenance of murine and human HSC in a variety of different

studies.>8

Asymmetric cell division

The significance of asymmetric cell divisions for the development of multi-cellular organisms
is widely recognized.*® Apart from HSC-niches, asymmetric cell divisions have also been
postulated to occur within the primitive hematopoietic system. In this context, several groups
demonstrated that 20-30% of primitive hematopoietic cells produce daughter cells that differ
from each other in respect of their proliferation kinetics and/or their adopted cell fates.'*0*®
Whether these results are sufficient to demonstrate the occurrence of asymmetric cell
divisions within the primitive hematopoietic cell compartment, depends on the definition of
the term asymmetric cell division. If asymmetric cell division is defined according to the cell
fates the arising daughter cells finally adopt, these data would fulfil the criteria for
asymmetric cell divisions. However, by using a more stringent definition, in which cell
divisions are defined as asymmetrically, when they give rise to qualitatively different
daughter cells, e.g. by the different inheritance of certain intrinsic molecules - some of which
might act as cell fate determinants -, these data would not be sufficient to demonstrate the

. e . . .o 11.4
occurrence of asymmetric cell division within the primitive hematopoietic compartment.'"*

Thus, to elucidate whether human HSC/HPC also fulfil the criteria for the more stringent
definition of an asymmetric cell division, we decided to search for asymmetrically segregating

molecules.

Identification of asymmetrically segregating molecules

Most of the primitive human hematopoietic cells can be identified by the expression of the
stem cell surrogate markers CD34 and CD133.°*% Analyzing the proliferation kinetics of
umbilical cord blood derived CD34" cells by flow-cytometry we observed that initially
approximately 90% of the CD34" cells co-express similar levels of CD133. However, upon
cultivation in the presence of early acting cytokines and with the onset of cell divisions
between culture day 2 and 3, the relative homogeneously appearing population of
CD34'CD133" cells gives rise to an additional, more mature population of CD34'CD133"""
cells, whose content increases over time.'"'? Under the prediction that the content of CD133
cells can exclusively be altered by asymmetric cell divisions and that each asymmetrically
dividing CD34"CD133" cell gives rise to one daughter cell maintaining the CD34'CD133"
phenotype and to one CD34"CD133'"" daughter cell, which including its descendants
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remains CD133"°"", and that starting from culture day 2 all cells divide once within 24 hours,
the observed kinetics fit to a model in which 20-30% of the CD34"CD133" cells divide
asymmetrically. Although by using stroma-free culture conditions we failed to detect CD133
as an asymmetrically segregating molecule, the simplicity of the model seemed so persuasive
to us that we screened for other cell surface antigens that follow similar kinetics on cultivated
CD34" cells than CD133.'? After the identification of different antigens that comply with this
requirement, we analysed the sub-cellular localisation of some of these antigens on dividing
CD34'CD133" cells in detail and could identify four proteins, the tetraspanins CD53 and
CD63, the transferrin receptor (CD71) and L-selectin (CD62L) which obviously segregate
differently in approximately 20% of the dividing CD34"CD133" cells.'? Therefore, HSC/HPC
also fulfil the criteria for the more stringent definition of asymmetrically dividing cells, and
thus can be regarded as true asymmetrically dividing cells.'? Since the obtained ratio fits into
the same range with which primitive human hematopoietic cells give rise to daughter cells

40,43,45,46

realizing different cell fates and/or different proliferation kinetics, it is tempting to

speculate that these differences are indeed established by frue asymmetric cell divisions.

Remarkably, three of the four identified proteins, the transferrin receptor (CD71) and the

tetraspanins CD53 and CD63, are associated with endosomal traffic.”*°

Therefore, our data
provide a linkage between the process of asymmetric cell division and the endosomal
compartment, maybe indicating that components of the endosomal compartment are

importantly involved in cell fate specification processes of primitive hematopoietic cells."?

Cell fate specification and the endosomal compartment

A link between the endosomal compartment and mechanisms governing asymmetric cell
divisions has been discovered in Drosophila.”” There, so called sensory organ precursor cells
(SOPs) sequentially divide asymmetrically to stereotypically generate an external sensory
organ consisting out of four different cells.”® A well analysed feature of this development is
that each of the cell divisions creates one cell in which the cell fate determining Notch
signalling pathway becomes activated and one in which it remains inactive. Notch itself as
well as its ligands are expressed on both siblings; the difference concerning the signalling
activity is established by a protein called Numb.>** Numb is an endosomal protein, which
segregates mainly into one of the arising daughter cells, the pIIb cells, in which it inhibits the
transduction of the Notch signalling by promoting the endocytosis and degradation of Notch
itself and/or of Sanpodo, an essential component required for the activation of the Notch

59-64

signalling pathway. Two homologues of numb, numb and numblike, are found in
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mammals and like in Drosophila, mammalian Numb has been proposed to physically interact
with Notchl, inhibit its function and participate in asymmetric cell divisions as it has most

65-70

clearly been demonstrated in the embryonic nervous system. In addition, asymmetric

distributions of Numb have also been reported in mitotic retinal precursors, isolated cortical

progenitors, muscle satellite cells and T-cells.”"

Remarkably, Drosophila as well as mammalian forms of Numb bind to a-Adaptin, an
essential component of the AP-2 complex, which links Numb to the clathrin-dependent
endocytotic pathway.®***” Since a-Adaptin co-segregates with Numb during SOP
development, Berdnik et al. (2002) could demonstrate that even essential components of the
endosomal machinery segregate asymmetrically into corresponding cells.®® In this context, it
should be mentioned that CD63, which we have identified as an asymmetrically segregating
protein in approximately 20% of the primitive hematopoietic cells, is considered to be a late
endosomal/lysosomal marker also called lysosome associated membrane protein 3 (Lamp-
3).*7%77 Like Numb it binds to components of AP-2 and thus also links CD63 to clathrin-

dependent endocytosis.**”®

In a continuation to these observations, Bokel et al. (2006) found a correlation between the
establishment of cell-fates and the mitotic segregation of certain endosomes: In the
developing Drosophila wing, a gradient of the TGF- homologue Decapentaplegic (Dpp)
controls the fate of the wing epithelial cells in a concentration-dependent manner. Upon
binding to its receptor Thickveins (Tkv), Dpp induces the phosphorylation of the R-Smad
transcription factor Mad and recruits a common Smad to become an active transcription factor
that then translocates into the nucleus and induces the expression of target genes. The
endosomal protein Smad-anchor-for-receptor-activation (Sara) has been found to be required
for the recruitment of R-Smads to type I TGF-P receptors.”’ In mammals as well as in
Drosophila, Sara accumulates in early endosomes, which in the Drosophila wing epithelial

cells also contain Dpp and its receptor Tky.***!

During mitosis, i.e. during anaphase, Sara-
positive endosomes become localized at the midzone of the central spindle and redistribute
during cytokinesis to the central spindle ends, from where they equally segregate into the
arising daughter cells.* However, in Sara mutant cells the distribution of these endosomes is
disturbed and they often segregate asymmetrically into the daughter cells. Since these
endosomes still contain Tkv and phosphorylated Mad, arising daughter cells frequently inherit
different levels of these proteins. In correlation with that cell fate alterations of such daughter

cells were observed in pupal wings.*
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Recently, Andrews and Ahringer (2007) provide evidence for another connection between the
mitotic segregation of endocytotic vesicles and the cell fate.** During the first mitotic cell
division of Caenorhabditis elegans, the zygote divides asymmetrically to create a large
anterior AB-cell, which predominantly gives rise to ectodermal cell types, and a smaller
posterior P1 cell, which mainly produces mesoderm, endoderm and germ line cells.® Shortly
before the onset of this first cell division and depending on the activity of cell polarity
mediating proteins (Par proteins) subsets of endosomes expressing the early endosomal
marker EEA-1 become localized primarily at the anterior pole of the zygotes and segregate
asymmetrically mainly into the anterior located AB cells.*” In Par mutant embryos, in which

84,85

both arising daughter cells acquire identical cell fates, the asymmetric distribution of these

. 82
endosomes 1is lost.

Conclusion:

These data, in the connection with the finding that the ‘endosomal sorting complex required
for transport’ (ESCRT) machinery which participates in the transition of early to late
endosomes, and especially in the formation of multi vesicular bodies (MVBs), has tumour
suppressor functions which among others are required to shut down Notch, Decapentaplegic

. . . . 91
and receptor tyrosine kinase signalling,**”

underscore the importance of the endosomal
compartment in cell fate specification processes as well as in tumorigenesis. Furthermore,
these data demonstrate that during mitosis the segregation of certain endosomes needs to be
highly controlled, most likely in either a symmetrical or an asymmetrical manner. According
to our opinion it is challenging within the next few years to learn more about the connection
of the endosomal compartment, the mitotic segregation of endosomes and the mechanisms

governing cell fate specification processes, i.e. those controlling self-renewal verus

differentiation processes of somatic stem cells.
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10.6 Cell polarity is a prerequisite for migration and homing
of primitive human hematopoietic cells (Beckmann et

al., 2008, eingereicht)
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ABSTRACT

Several signal transducing molecules, the chemokine receptor CXCR4, the phosphoinositol-3-
kinase (PI3K), an atypical protein kinase C (aPKC) and Rho-GTPases, have been associated
with homing of hematopoietic stem and progenitor cells (HSC/HPC) and control their
migration. Since cell polarization is a prerequisite for cell migration, we analyzed the effect of
these signaling molecules and the role of the cytoskeleton on the establishment and

maintenance of cell polarity in human umbilical cord blood derived CD34" cells.

Studying sub-cellular distributions of lipid raft associated proteins, i.e. of the inter-cellular
adhesion molecule 3 (ICAM-3), flotillin-1 and -2, we distinguish cues of intrinsic and
morphological cell polarities. Using this discrimination, we show that protein translation,
actin polymerization and activities of PI3K, aPKCs and the Rho-GTPases are required for
establishing and maintaining polarized cell morphologies. In contrast, establishment of the
intrinsic polarity mainly depends on protein translation and PI3K and aPKC activities, while
its maintenance was strongly disturbed only in the presence of a PI3K inhibitor. Inhibition of
CXCR4 signaling did not detectably affect cell polarity but interfered with in vitro migratory
capabilities of HSC/HPC. Altogether we qualified cell polarization as an essential first step in

the cascade that orchestrates HSC/HPC homing.
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Introduction

Hematopoietic stem cells (HSC) are defined as cells with high self-renewal capacities which
can give rise to cells of all blood lineages during the entire life. Additionally they contain the
capacity to home to the BM, the main site of adult hematopoiesis. Homing is a naturally
occurring process which comprises the capability of circulating primitive hematopoietic cells
to find their way into the BM, to actively cross the endothelium which separates the blood

from the BM, and to lodge to appropriate niches.'”

Homing can be sectioned in a variety of different processes. It involves selectin-mediated
tethering and rolling of circulating HSC/HPC on endothelial cells®™ as well as interactions of
chemokines with their corresponding receptors, i.e. the binding of the chemokine stromal
derived factor-1 (SDF-1a) to its receptor CXCR4.°!! Due to this interaction, a tight
attachment of HSC/HPC to the endothelial wall is established through a4 and a5 integrins
and CD44, thus providing the basis for the transendothelial migration which subsequently
occurs.'™'*"” Once arrived in the adjacent tissue HSC/HPC migrate along the BM stroma to
finally lodge into their niches that have been discovered in the endosteum of the bone marrow

and in the vicinity of endothelial cells in the BM and in the spleen.***

According to our current understanding, the SDF-1a binding to CXCR4, which is expressed
on the majority of primitive hematopoietic cells, is implicated to play a central role during
homing.” Mechanistically, binding of SDF-1a activates CXCR4 and amongst others results in
the activation of the PI3K.**** One of the downstream targets of the PI3K is the aPKC
nPKC(,***" whose activity in combination with that of the Rho-GTPases Cdc42 and Racl

regulates the assembly of components of the cytoskeleton. ™

Inhibition of any of these
signaling transducing activities interferes with the in vifro migratory and homing capabilities

of HSC/HPC. 711344
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Since the acquisition of polarized morphologies is an essential prerequisite for cell
migration,** the adoption of polarized morphologies should be one of the earliest events in
processes that orchestrate HSC/HPC homing. Indeed, in our previous work, we have
demonstrated that upon cultivation HSC/HPC increase in size and acquire a polarized cell
shape, forming a leading edge at the front and a specialized structure, the uropod, at the rear.>
These morphological changes coincide with redistributions of lipids and lipid-raft associated
proteins, e.g. CXCR4 and the ganglioside GM3 become highly enriched at the leading edge
and CD43, CD44, ICAM-3 (CD50), ICAM-1 (CD54) as well as Prominin-1/CD133 at the

uropod.”

At the example of resting T- and B-lymphocytes, we have shown that the lipid raft associated
flotillins, flotillin-1 (Flot-1) and flotillin-2 (Flot-2) become distributed in a polarized manner

prior to all other investigated cell polarity-associated molecules and prior to a morphological

polarization.” According to this observation, we suggested that flotillin polarization provides
one of the earliest events in the course of cellular polarization of primitive hematopoietic

cells.

In order to dissect the polarization process of primitive hematopoietic cells we have studied
the flotillin distributions in combination with that of the lipid raft associated uropod marker
ICAM-3 in freshly isolated as well as in cultivated, human umbilical cord blood derived
CD34" cells. To study whether signal transducing molecules that participate in HSC/HPC
homing, already control HSC/HPC polarization, we have also analyzed the distribution of the
flotillins together with that of ICAM-3 in CD34" cells that had been cultured in the presence

of drugs which are known to inhibit HSC/HPC homing.
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MATERIALS AND METHODS

Cell preparation and cell culture

Human umbilical cord blood (CB) samples were obtained from unrelated donors and are used
after informed consent of the mothers according to the declaration of Helsinki. The usage of
these materials was approved by our University internal ethics commission. Following
isolation of MNC via Ficoll density gradient centrifugation (Biocoll Separating Solution;
Biochrom AG, Berlin, Germany), CD34" cells were enriched by magnetic cell sorting
(MACS; Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer's

instructions. We yielded an average purity of CD34" cells of 78.0% =+ 10.8% (n=24).

Freshly enriched CD34" cells were cultured in a humidified atmosphere at 37°C and 5% CO,
at a density of approximately 1x10° cells/mL in Iscove's modified Dulbecco's medium
(IMDM; Invitrogen GmbH, Karlsruhe, Germany) supplemented with 20% fetal calf serum
(FCS; Biochrom AG), 1000 U/mL penicillin, and 100 U/mL streptomycin (Invitrogen GmbH)
in the presence of early-acting cytokines, i.e. fetal liver tyrosine kinase 3 ligand (FLT3L),
SCF, and thrombopoietin (TPO), each at 10 ng/mL final concentration (all from PeproTech,

Rocky Hill, NJ, USA).

To inhibit the PI3K-activity cells were incubated in the presence of 100 uM Ly294002
(Calbiochem, Bad Soden, Germany). The aPKC inhibitor Chelerythrine chloride
(Calbiochem) was used at a final concentration of 10 ug/mL. To inhibit signaling via Gj-
protein coupled receptors cells were incubated with 2 pg/mL Pertussistoxin (Calbiochem) and
to inhibit Rho-GTPases with 200 ng/mL Clostridium difficile toxin B (Sigma-Aldrich Chemie
GmbH, Taufkirchen, Germany). Translation was blocked by Cycloheximide (Sigma-Aldrich
Chemie GmbH) at a final concentration of 20 pg/mL. Nocodazole (Sigma-Aldrich Chemie
GmbH) was used at 20 pug/mL to promote microtubule depolymerization, and Cytochalasin B

(Sigma-Aldrich Chemie GmbH) at 10 pg/mL to inhibit actin polymerization.
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Immunostainings and microscopy

Freshly isolated CD34" cells were either stained immediately or after cultivation for 1-2 days
in the presence of early acting cytokines. To conserve their morphology, cultivated CD34"
cells were prefixed for 5 minutes (min) at room temperature in 1% paraformaldehyde (PFA;
Sigma-Aldrich Chemie GmbH). After washing in PBS cells were resuspended in a small
volume of PBS (~100 pL) and transferred in 10 pL aliquots to special coated adhesion slides
(Squarix biotechnology; Marl, Germany) to which they adhere within 10 min. Adhered cells
were then fixed with ice-cold methanol for 5 min in -20°C and then washed 3 times with PBS.
After 30 min blocking in 10% donkey-serum (Jackson Immuno Research Laboratories Inc,
West Grove, PA, USA), cells were stained for 45 min at room temperature with either 1:150
diluted anti-flotillin-1 antibodies (BD PharMingen, Heidelberg, Germany) or with 1:1000
diluted anti-flotillin-2 antibodies (BD PharMingen). After a washing step, cells were
counterstained for 30 min with 1:200 diluted Cy3-conjugated donkey-anti-mouse AffiniPure
Fab fragments (Jackson Immuno Research Laboratories Inc). Remaining mouse epitopes were
then saturated with unconjugated rabbit-anti-mouse AffiniPure Fab fragments for 30 min
(Jackson Immuno Research Laboratories Inc). Next, cells were incubated for 30 min at room
temperature with anti-ICAM-3-FITC antibodies (TU41; BD PharMingen). Following the
antibody incubation cells were washed 2 times with PBS and counterstained either Alexa

Fluor488-conjugated goat-anti-mouse IgG (1:100; Invitrogen) secondary antibodies.

For the CD133 Flotillin double-staining, cells were fixed in 0.2% PFA for 5 min, washed in
PBS, and stained for 20 min with PE conjugated anti-CD133 antibodies (1:10; AC133/1-PE;
Miltenyi Biotec). After washing, cells were incubated in 1% PFA for 5 minutes, washed and
transferred to adhesion slides. Following methanol treatment cells were blocked for 30 min in
10% donkey-serum (Jackson Immuno Research Laboratories Inc.) and counterstained with

Cy3-conjugated Fab-fragments (1:200 Jackson Immuno Research Laboratories Inc). Free
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murine epitops were then blocked with unconjugated Fab-fragments (1:100; Jackson Immuno
Research Laboratories Inc). The following anti-flotillin staining was performed as described
above. For the counterstaining of the Flotillins Alexa Fluor488-conjugated goat-anti-mouse
IgG (1:400; Invitrogen) secondary antibodies were used. Labeled cells were washed with PBS
thrice, and mounted in 75% glycerin containing propylgallat (50 mg/mL) and DAPI (4,6
diamidino-2- phenylindole; 200 ng/mL; Roche, Mannheim, Germany). Cells were observed
with an Axioplan 2 fluorescence microscope (Carl Zeiss, Goettingen, Germany) using
x63/1.25 or x100/1.30 oil immersion lenses. For evaluation of the immunostaining at least 80

labeled cells per sample were counted and classified into one of the defined categories.
Migration assays

The migratory potential of cultivated cells was analyzed by transmigration assays using 3 pm
pore filters (Costar Transwell, 6.5-mm diameter; Corning Incorporated, Corning, NY, USA)
as described previously.® Briefly, after a culture period of 2 days, either in the presence or
absence of specific inhibitors, approximately 5x10* CB-derived non-adherent CD34" cells
were loaded onto filters and were allowed to migrate over night under culture conditions. In
selected cases SDF-1a (R&D SystemsInc, Minneapolis, MN, USA) was added to the lower
chamber in a final concentration of 100 ng/mL. For migration analysis of cells which were
preincubated for 2h with one of the inhibitors, the inhibitors were also added to the cell
suspensions in the upper as well as to the lower chambers. After carefully removing the filters
the percentage of transmigrated cells was evaluated flow-cytometrically using a Cytomics FC
500 flow-cytometer equipped with the RXP software (Beckman Coulter, Krefeld, Germany).
Since the initial cell number and the volume of all recovered cell suspensions were equalized
before, flow-cytometric analyses and the time and flow rate were kept constant, we could set
the number of measured transmigrated cells in relation to the number of measured cells that

were cultured without the transwell filters.
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Results

Morphologic and intrinsic cell polarity of freshly isolated and cultivated CD34" cells

To study whether flotillins are pre-compartmentalized in HSC/HPC like in resting T- and B-
cells, we analyzed the flotillin distributions in freshly isolated as well as in cultivated CB-
derived CD34" cells. While the vast majority of the freshly isolated CD34" cells which lack
any indication of morphological polarities displayed random Flot-1 and Flot-2 distributions,
approximately 25% of them showed cap like flotillin localizations. This observation suggests
that only a small proportion of these cells contain manifested, intrinsic cell polarity cues.
However, in agreement to our previous data most of the cultivated CD34" cells exhibited a
polarized morphology (degree of cells containing a polarized morphology: 72.3% =+ 15.3% of
the cells at culture day 1, n=9; 71.6% + 10.6% at culture day 2, n=7). Of the morphological
round cells about one 3" still showed random Flot-1 and Flot-2 distribution (Fig. 1 A, D), in
the remaining round cells the flotillins where concentrated in a cap like structure (Fig. 1 B, E),
like in T and B lymphocytes.* In all morphologically polarized CD34" cells both, Flot-1 and
Flot-2 were highly enriched in the tip of the uropod (Fig. 1C; F). Occasionally an additional
flotillin-positive domain was found at the base of the uropod (Fig. 1 F), the region in which

we recently observed endosomes to bud into the interior of the cells.**

Counterstaining of cultivated CD34" cells with antibodies recognizing the lipid raft associated
uropod marker ICAM-3 revealed that the ICAM-3 distribution was similar to that of both
flotillins. In morphological round cells the flotillins and ICAM-3 were either distributed in a
random fashion (Fig. 1 A, D) or both, the flotillins as well as ICAM-3 were partially co-
localized and displayed polarized distributions (Fig. 1 B, E). A partial co-localization of the
flotillins and ICAM-3 is also found in morphological polarized CD34" cells, regularly at the
tip of the uropod (Fig. 1 C, E), suggesting that flotillins and ICAM-3 localize to the same or

closely adjacent sites. Since we recently qualified the stem cell surrogate marker
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CD133/Prominin-1 as a specific uropod marker in polarized CD34" cells, we also studied its
distribution in relation to that of both flotillins. According to our staining both, the flotillins
and CD133/Prominin-1, are highly enriched in the tip of the uropod, but localize to different

microdomains (Fig. 2).
Cell polarity cues in inhibitor treated CD34" cells

To analyze whether pharmacological substances that have been found to interfere with
HSC/HPC homing have any impact on the cell polarity of cultivated CD34" cells, we have
analyzed morphological as well as intrinsic cell polarity cues (measured by the flotillin and
ICAM-3 distributions) of treated as well as of non-treated CD34 " cells. In this context, we
have chosen two settings: 1) to study the effects of the drugs on the establishment of the
intrinsic and morphological cell polarity, freshly isolated CD34" cells were immediately
cultured in the presence of the drugs. In those cases in which the drug treatment was toxic to
the cells, cells were analyzed at culture day 1 at which the vast majority of the treated cells
were still alive, otherwise cells were examined at culture day 2. ii) to investigate whether drug
treatment interferes with the maintenance of cell polarity and/or the cell motility of already
polarized CD34" cells, we further added these drugs for 2 hours to CD34" cells that had been
cultured for 2 days in a drug free-environment before, and studied the effect on the cell
polarity thereafter. Additionally, we transferred aliquots of these cells in the presence of the

drugs to Transwell assays and estimated the rate of transmigrated cells 12 hours later.
Protein synthesis is required for the polarization process of CD34" cells

We first asked, if new protein synthesis is essential for setting up intrinsic and morphological
cell polarities. To this end, we cultured freshly isolated CD34" cells in the presence or
absence of the protein translation inhibiting drug Cycloheximide (CHX). Due to the toxicity
of the CHX treatment, which killed most cells between culture day 1 and day 2, we analyzed

CD34" cells at culture day 1. In contrast to control CD34" cells, most CHX treated
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CD34 cells remained small and did not adopt polarized morphologies (Fig. 3A; Supplement
Tab. 1). Furthermore, the content of CD34" cells displaying a polarized distribution of the

flotillins or of ICAM-3 was significantly reduced as well (Fig. 3A; Supplement Tab. 1).

Next we tested whether protein translation is also required to maintain established intrinsic
and morphological cell polarity in cultured CD34" cells. Remarkably, most of the 2 hours
treated CD34" cells lost their polarized morphology (Fig. 3A"; Supplement Tab. 2).
Additionally, the polar distribution of ICAM-3 and both flotillins was slightly but
significantly decreased as well (Fig. 3A"; Supplement Tab. 2). Therefore, in CD34" cells
protein translation is required for both, to set up and to maintain intrinsic and morphological
cell polarity cues. In agreement with its effect on the cell morphology, significantly less CHX
treated CD34" cells migrated through the Transwell filters than non-treated control CD34"

cells (Fig. 4A; Supplement Tab. 3).
Pertussis toxin decreases in vifro migration but not the polarization of CD34" cells

Since SDF-1a mediated activation of CXCR4 triggers homing of HSC/HPC, we analyzed
whether inhibition of SDF-1a mediated chemotaxis would affect polarization of CD34 cells.
Surprisingly, in our analyses pertussis toxin (PTX) treatment, which inhibits SDF-1a-induced
chemotaxis,® did not reveal any effect on the cell polarization process of CD34" cells in both
settings. Neither the establishment nor the maintenance of morphological or intrinsic cell
polarities was recognizable altered in comparison to non-treated CD34" cells (Fig. 3B, B';
Supplement Tab. 1, 2). According to these results and due to the fact that PTX inhibits the G;
mediated signaling which acts downstream of the CXCR4 receptor,45 we conclude that at least
in the presence of the early acting cytokines Gi-mediated signaling is dispensable for the
establishment and maintenance of the cell polarity in cultivated CD34" cells. However, in

contrast to the cell polarization process, we found that PTX treatment interferes with the
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transmigration rate of cultivated CD34" cells and significantly reduced the proportion of

transmigrated cells (Fig. 4B; Supplement Tab. 3).

Pointing into a similar direction we realized in some control experiments that SDF-1a only
marginally triggered the cell polarization process of CD34" cells that were cultured for 1 day
in the presence or absence of SDF-1a under otherwise serum and cytokine free conditions
(with SDF-1a: 39.3% =+ 13.5% versus SDF-1a-free control: 30.0% =+ 8.8%, p=0.05, n=6).
Furthermore, in good agreement to the published data addition of SDF-1a to the Transwell
assays increased the transmigration rate of CD34" cells that were cultured for 2 days in the
presence early acting cytokines before (+SDF-1a.: 28.2% + 8.9% versus control: 15.1% + 3.1,
Pspr-16<0.05; n=4); this migration stimulating effect was completely blocked in the presence

of PTX (PTX2h+SDF-1ai: 6.7% + 2.5% versus SDF-1a.: pprxon, spr-16<0.05; n=4).

The activity of PI3K is essentially required to set up and maintain cell polarity

23-25 .
we studied

Due to the fact that CXCR4 signaling has been reported to activate the PI3K,
the role of the PI3K on the cell polarization process of CD34" cells next. In agreement to our
previous data,”> CD34" cells which are cultivated in the presence of the PI3K inhibitor
Ly294002 remain small and round and die between culture day 1 and day 2. Accompanied by
the absence of morphological polarization at culture day 1 (Fig. 3C; Supplement Tab. 1), most
of the Ly294002 treated CD34" cells lacked a polarized distribution of ICAM-3 and the
flotillins (Fig. 3C; Supplement Tab. 1). Demonstrating that the PI3K activity is not only
required to establish cell polarity but also for their maintenance, we found that most of the
cultivated CD34" cell which were incubated for 2 hours with Ly294002 lost their polarized
morphologies (Fig. 3B'; Supplement Tab. 2) and their polarized ICAM-3 and flotillin

distributions (Fig. 3B'; Supplement Tab. 2). Along with that the transmigration capability of

these cells was significantly reduced (Fig. 4B; Supplement Tab. 3).
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Activities of atypical protein kinases C are required to establish and maintain cell

polarity in CD34" cells

One of the downstream targets of the PI3K that have been implicated in the cell polarization
processes of numerous of different cell types are the aPKCs.?**"* Their activities can be
inhibited in the presence of Chelerythrine chloride (CHEL) which interacts with the catalytic
domain of the aPKCs and affects the translocation of aPKCs from the cytosol to the

membrane.*”*®

To gain insight into the role of the aPKCs in the cell polarization process of
human HSC/HPC, we cultured CD34" cells in the presence and absence of CHEL. Similar to
the CHX and Ly294002 treatment we observed that CHEL is toxic to the cells and that many
treated CD34" cells die between culture day 1 and day 2. Thus, we have analyzed the effect of

CHEL treatment on CD34" cells on culture day 1.

At culture day 1 almost all CHEL treated CD34" cells had a round morphology and the
content of CD34" cells revealing an intrinsic cell polarity was significantly reduced in
comparison to non-treated cells (Fig. 3D; Supplement Tab. 1). Short term treatment of already
polarized CD34" cells with CHEL resulted in a loss of morphological but not intrinsic cell
polarity (Fig. 3D'; Supplement Tab. 2). Along with the loss of morphological cell polarity the
transmigration rate of treated CD34" cells was highly and significantly suppressed (Fig. 4D;

Supplement Tab. 3).
Small GTPases control morphological but only marginally affect intrinsic cell polarities

In combination with the aPKCs, the Rho-GTPases Cdc42 and Racl regulate the assembly of
components of the cytoskeleton.”>* To investigate the role of the Rho-GTPases in the cell
polarization process of HSC/HPC, we treated CD34 " cells with the Rho-GTPase inhibitor
Clostridium difficile Toxin B (CDTxB) which acts on the effector domain of the Rho-

GTPases and thus blocks further downstream signaling.”
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The addition of CDTxB to freshly isolated or to cultivated CD34 " cells inhibited both, the
establishment as well as the maintenance of polarized cell morphologies. Remarkably, it only
marginally interferes with the establishment of intrinsic cell polarity cues and showed no
effect on their maintenance (Fig. 3E and E'; Supplement Tab. 1 and 2). Again, in consistence
with its effect on the polarized morphology and in agreement to the published data, CDTxB
treatment significantly reduced the transmigration rate of cultivated CD34" cells (Fig. 4E;

Supplement Tab. 3).
The role of cytoskeleton dynamics for cell polarity of CD34" cells

All external stimuli and internal signaling cascades that control cell movements become
integrated and finally govern rearrangements of the cytoskeleton. In this context it has been
shown that cell movement is tightly coupled to the formation of new and the
depolymerization of old actin filaments (F-actin).”’ Furthermore, actin polymerization is
required to establish polarized cell shapes e.g. of neutrophils.” To determine the role of the
actin cytoskeleton dynamics during establishment and maintenance of the cell polarity in
HSC/HPC, we treated CD34" cells with the fungal toxin Cytochalasin B (CytB) which
inhibits actin polymerization.”*** Consistent to the data reported for the neutrophils,’* addition
of CytB to freshly isolated CD34" cells completely blocked the establishment of polarized cell
shapes (Fig. 3F; Supplement Tab. 1). However, although the level of CD34" cells displaying
intrinsic cell polarity cues at culture day 2 was significantly below that of corresponding
control cells, the vast majority of the treated CD34" cells established polarized ICAM-3 and
flotillin distributions (Fig. 3F; Supplement Tab. 1). Similarly, addition of CytB to CD34" cells
at culture day 2 suppressed polarized cell morphologies but had no major effect on the
intrinsic cell polarity (Fig. 3F'; Supplement Tab. 2). And again, in correlation to the CytB's
effect on the cell morphology the transmigration rate of treated CD34 " cells was nearly

completely suppressed (Fig. 4F; Supplement Tab. 3).
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Apart from the actin cytoskeleton the microtubule cytoskeleton is involved in governing cell
polarity and motility processes.’”™" Since microtubuli polymerization can be blocked by the
addition of Nocodazole (R 17934),> we have studied the effect of Nocodazole (Noco)
treatment on CD34" cells. Most of the CD34" cells that were cultured for 2 days in the
presence of Noco did not display a polarized morphology (Fig. 3G; Supplement Tab. 1).
Similar to the situation observed in CytB treated CD34" cells the percentage of cells that
established an intrinsic cell polarity was nearly as high as in corresponding control cells (Fig.
3G; Supplement Tab. 1). Addition of Noco for 2 hours to already polarized cells did not
reveal any significant effect, neither on the morphological nor on the intrinsic cell polarity
(Fig. 3G"; Supplement Tab. 2). Remarkably, the transmigration rate of treated cells was

markedly increased (Fig. 4G; Supplement Tab. 3).
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Discussion:

Here we demonstrate that many processes known to participate in HSC/HPC homing and
migration are associated with the cellular polarization of primitive hematopoietic cells.
Therefore, we consider the cellular polarization process as an essential first step in the multi-
process cascade that mediates homing of primitive hematopoietic cells. Furthermore, by
dissecting cell polarization at both morphological and molecular levels, we gained additional
insights into the intrinsic mechanisms with which homing-associated processes orchestrate the

cellular polarization.
Functional levels during HSC/HPC polarization

Recently, we reported that freshly isolated human CD34" cells are small round cells that
contain a non-polar appearance. Upon stimulation with early acting cytokines, i.e. with
FLT3L, SCF and TPO, these cells acquire a polarized morphology, a process which depends
on the activity of the PI3K.*> Concomitantly to the morphological polarization these primitive
hematopoietic cells also redistribute certain lipid-raft associated cell surface molecules to one
of the two arising cellular poles.”” Now, by studying drug treated CD34" cells we found that
the lipid raft associated proteins, ICAM-3 and flotillins often acquire a polarized distribution
in treated CD34" cells that fail to adopt a polarized cell shape. This is in line with the finding
that flotillins form preassembled platforms in a proportion of freshly isolated CD34" cells as
well as in resting cells of different hematopoietic cell lines that contain a non-polarized cell
shape.*® It clearly demonstrates that primitive hematopoietic cells like mature leukocytes

establish an intrinsic polarity before adopting a polarized cell shape.

According to our analyses protein translation, as well as the PI3K and aPKC activities
participate in setting up intrinsic cell polarity cues. The establishment of this polarity also
partially depends on the activities of the small Rho-GTPases and on actin polymerization.

Inhibition of G,; mediated signaling had no significant effect on the establishment of intrinsic
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cell polarity while destabilization of microtubules had a mild effect. In contrast, all drugs

except PTX strongly reduced the establishment of polarized cell morphologies.

Once established, only short term inhibition of PI3K activity resulted in a major loss of the
intrinsic cell polarity, a gentle loss was observed when protein translation, actin
polymerization or aPKC activities were blocked. Neither the inhibition of the small Rho-
GTPases or of the G,; mediated signaling pathway nor the short term destabilization of
microtubules revealed a recognizable effect on the intrinsic cell polarity. However, all
treatments but the drug mediated destabilization of microtubules or inhibition of the Gg;
mediated signaling strongly disturbed the maintenance of polarized cell morphologies and
concomitantly inhibited the migration rate of cultivated CD34" cells. These findings
demonstrate that comparable to other cell types* CD34" cells can only migrate if they are

able to adopt a polarized cell shape.

Apart from demonstrating that most of the drugs that are known to inhibit hematopoietic stem
cell homing already interfere with the cellular polarization process, our data reveal
mechanistically parallels to the cellular polarization processes of neutrophils as well as to that

of other leukocytes.
Common mechanisms of leukocyte polarization

In neutrophils, like in other migrating cell systems stimulation with chemotactic active
substances induces filamentous actin (F-actin) polymerization near the cell cortex, initially
throughout the cells and later mainly at one site of the cell, at the leading edge.’ This F-actin
polymerization can effectively be blocked by cytochalasin or latrunculin which like in CD34"

61,62 Therefore, it

cells concomitantly inhibit the establishment of polarized cell shapes.
became evident that F-actin polymerization is one of the earliest events that triggers cellular

polarization. Meanwhile it is well established that upon exposure to a chemoattractant

gradient, products of phosphatidylinositol-3-OH kinases (PI3Ks), especially PtdIns(3,4,5)Ps,
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accumulate at the site of the neutrophils which are located closest to the chemo-attractant
source. To amplify the initial PtdIns(3,4,5)P; response a positive feedback loop, involving the
Rho-GTPase Rac as well as F-actin, recruits additional PI3K to the plasma membrane, finally

resulting in the establishment of an robust intra cellular PtdIns(3,4,5)P; gradient.**®’

Depending on PtdIns(3,4,5)P;, the nPKC( translocates to the plasma membrane and gets
transiently activated at the leading edge.”*®® Inhibition of the nPKC( activity by Chelerythrine
treatment almost completely abolished F-actin polymerization.®® Since nPKC( activity
depends on PI3K activity and is required for F-actin polymerization it is tempting to speculate

that nPKCC essentially participates within the positive feedback loop, too.

In addition to this positive feedback loop, a negative feedback loop has been defined that
depends on the activation of a Rho-dependent pathway. This pathway stimulates the
activation of myosin II formation, of contractile actin-myosin complexes and myosin-
dependent inhibition of Rac- and PI3K-dependent responses. While this complex inhibits
formation of leading edge specific structures, the Rac activity at the front inhibits the Rho-
dependent activation of myosin I1.°® Destabilization of microtubules has been shown to

69,70

activate the Rho-kinase pathway” """ and is sufficient to initiate the polarization process and

71,72

induce/enhance motility of neutrophils,” '~ which is consistent with the increased motility that

we observed in Nocodazole treated CD34 " cells.

Our observation that inhibition of actin polymerization as well as that of PI3K, nPKCC or Rho
GTPase activities interfere with the acquisition of polarized cell morphologies, together with
the recent finding that RhoH negatively regulates Rac mediated signaling in murine
hematopoietic progenitor cells,” supports the notion that conserved positive and negative

feedback loops control the polarization process of primitive hematopoietic cells, too.
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Membrane rafts and cellular polarization

Supplementary to the signaling transduction pathways described before, the integrity of
membrane rafts has been shown to regulate polarization and migration processes in different

cell types including leukocytes. Disruption of membrane rafts by cholesterol depletion in

74-76 77-79

neutrophils and in T cells affects polarization processes. Consistent with this, we
observed that primitive hematopoietic cells loose their polarized morphology after cholesterol
depletion (data not shown). Together these data suggest that the raft integrity is a major
determinant to control morphological cell polarization in stimulated leukocytes including
primitive hematopoietic cells. Interestingly, antibody mediated cross-linking of lipid raft
associated proteins like CD43, CD44 and ICAM-3 triggers capping of corresponding
antigens, the morphological cell polarization as well as the locomotion of neutrophils and T

9-84
cells.’

Therefore, it is tempting to speculate that the clustering of membrane rafts precedes
an activation of corresponding signaling cascades. Our findings that under most conditions
tested the majority of the cells which did not adopt a polarized cell shape showed a polarized
distribution of ICAM-3 and the two flotillins strongly support this hypothesis. Furthermore,
our observation that the rate of CD34" cells displaying polarized ICAM-3 and flotillin
distributions was significantly decreased in the presence of the PI3K inhibitor Ly294002,
supports a model according to which lipid raft clustering and PI3K activities act in a positive

feedback loop to set up and maintain leukocyte polarities,” a feedback loop that according to

our data might initially depend on protein translation and aPKC activities.
Potential clinical impact

In summary, our data reveal that together with many signaling cascades that have been
associated with HSC/HPC homing, the lipid raft organization controls cellular polarization
processes in primitive hematopoietic cells. Since cellular polarization is an essential

prerequisite for cell migration the disturbance of either signaling cascades or lipid raft
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organization not only interferes with the cellular polarization process itself, but also alters
their migration and homing capabilities. In this context it is interesting to note that antibodies
which block the function of CD44, not only block the homing capacity of HSC/HPC but also
that of AML and CML cells.'*'®!"*>% Remarkably, the treatment of AML and CML cells
with blocking anti-CD44 antibodies also strongly reduces their tumorgenicity.*>*® Therefore,
we hypothesize that any process which interferes with the polarization or migration capacity
of leukaemic cells should alter their malignant capacity as well. Screening for drugs or
antibodies that specifically inhibit cellular polarization of leukaemic cells might thus provide

new avenues for anti-leukaemia treatment strategies.
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Figure 1:

Figure 2:

Figure 3:
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Distribution of Flot-1, Flot-2 and ICAM-3 in morphologically non-
polarized and polarized CD34" cells. Cultivated CD34" cells can be
distinguished into three categories, 1) in morphological round cells that show
no polarized distribution of either the flotillins or ICAM-3 (A, D), ii) in round
cells containing polarized flotillin and ICAM-3 distributions (B, E) and iii) in
morphological polarized cells in which the flotillins and ICAM-3 are highly
concentrated in the tip of the uropod (C, F). The first column shows anti-Flot-1
(A-C) or anti-Flot-2 staining (D-F); column 2 anti-ICAM-3 staining; column 3
merges of staining of columns 1 and 2; column 4 light microscopy images of

stained cells.

Localization of the Prominin-1/CD133 in relation to Flot-1 and Flot-2. In
morphological polarized CD34" cells Prominin-1/CD133 (Prom-1) and Flot-1
(A) as well as Flot-2 (B) are highly concentrated in the tip of the uropod and
are concentrated in non overlapping microdomains. Column 1: anti-Prominin-1
staining; column 2: anti-Flot-1 or anti-Flot-2 staining; column 3: merge of
staining of columns 1 and 2; column 4 light microscopy images of stained

cells.

Morphological and intrinsic cell polarisation rates of drug treated CD34"
cells in comparison to non-treated control cells. Freshly isolated CD34" cells
were grown in the presence or absence of corresponding drugs for 1 or 2 days
(A-G) or drugs were added for 2h to CD34" cells that were cultured for 2 days
in the presence of early acting cytokines before (A'-G'). After incubation
cultured cells were stained with anti-Flot-1 or anti-Flot-2 antibodies and
counterstained with anti-ICAM-3 antibodies. Stained CD34" cells were
classified according to the categories shown in Fig. 2. The percentage of drug
treated CD34" cells displaying polarized morphologies and/or polarized
ICAM-3, Flot-1 or Flot-2 distributions are depicted as bar charts in column 1 or
3, respectively. Representative morphologies of treated cells are shown in the
light microscopy pictures of column 2 and 4. White columns reflect
percentages of control, grey columns of treated cells. A, A': Cyclohexemide; B,
B'": Pertussis toxin; C, C': Ly294002; D, D': Chelerythrine chloride; E, E'":
Clostridium difficile Toxin B; F, F': Cytochalasin B; G, G": Nocodazole
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Figure 4:
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Transmigration rates of drug treated CD34" cells. Freshly isolated CD34"
cells were cultured for 2 days in the presence of early acting cytokines before
individual drugs were added. After incubating cells for another 2h, they were
transferred in the presence of corresponding drugs to the Transwell assays. The
percentages of transmigrated cells were estimated after 12h in comparison to
untreated control CD34" cells (right versus left columns). A: Cyclohexemide;
B: Pertussis toxin; C: Ly294002; D: Chelerythrine chloride; E: Clostridium
difficile Toxin B; F: Cytochalasin B; G: Nocodazole
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Supplement Tab. 1: Statistical analyses of freshly isolated CD34" cells that were cultured
for 1 or 2 days in the presence of drugs (column 1). The percentage of drug
treated cells displaying a polarized morphology is depicted in column 2
(Morph), in comparison to corresponding control values which are given in
brackets. Similarly, the percentage of cells displaying polarized ICAM-3, Flot-
1 or Flot-2 distribution is given in columns 5 (ICAM-3), 8 (Flot-1) or 11 (Flot-
2). Corresponding standard deviations (s.d.) and p-values that were estimated
by the paired student's T-test are given in the following columns as indicated.
The last column provides the number of samples that were analyzed for each
condition. p-Values marked in green are below 0.05, reflecting statistically

significant results, those in yellow are in the range between 0.05 and 0.1.

Supplement Tab. 2: Statistical analyses of freshly isolated CD34" cells that were cultured
for 2 days in the presence of early acting cytokines before corresponding drugs

were added for 2 hours. For details see legend of Supplement Tab. 1.

Supplement Tab. 3: Statistical analyses of freshly isolated CD34" cells that were cultured
for 2 days in the presence of early acting cytokines before corresponding drugs
were added for 2 hours and cells were transferred in the presence of
corresponding drugs (column 1) to Transwell assays. Column 2 reflects the rate
of transmigrated CD34" cells in comparison to their controls after 12h.
Standard deviations, p-values and the number of independent experiments are

given in the following columns as indicated.
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Figure 4
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