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Zusammenfassung 
Leukozyten zirkulieren nach ihrer Entstehung durch das Blut- und das lymphatische System 

des ganzen Körpers, um möglichst schnell körperfremde Antigene aufzuspüren und eine 

entsprechende Immunantwort auslösen zu können. Dabei erfolgt die Migration in die 

lymphatischen Organe nicht zufällig, sondern unterliegt einer direkten Steuerung, an der 

Chemokine maßgeblich beteiligt sind. Chemokine sind chemotaktische Cytokine, die die 

Wanderung der Zellen entlang eines Chemokingradienten zum Ort der höchsten 

Chemokinkonzentration steuern können. 

Naive T-Zellen exprimieren den Chemokinrezeptor CCR7 und migrieren unter anderem durch 

postkapilläre Venolen mit hohem Endothel in sekundäre lymphatische Gewebe.  

Um den genauen Einfluss des Chemokinrezeptors CCR7 auf das Migrationsverhalten von 

Lymphozyten in den Lymphknoten zu studieren, wurde im Rahmen dieser Arbeit eine Maus 

generiert, in der durch homologe Rekombination das murine CCR7 Gen durch das humane 

CCR7 Gen ersetzt wurde.  

Mit der homologen Rekombination des CCR7 Allels wurde gleichzeitig die als 

Selektionsmarker fungierende PgK-NEO-Kassette in das Genom der Maus integriert. Die 

PgK-NEO-Kassette unterdrückte die Expression des humanen CCR7 und führte so in der 

Maus zu einem CCR7 Knock-out Phänotyp. 

Die PgK-NEO-Kassette wird beidseitig von LoxP-Erkennungssequenzen flankiert, die es 

ermöglichten, die PgK-NEO-Kassette mit Hilfe des Cre/LoxP-System zu entfernen.  

Durch Verpaarungen dieser transgenen Mäuse mit einem zweiten transgenen Mausstamm, im 

dem die Cre-Rekombinase unter Kontrolle des CD4 Promotors exprimiert wird, konnten 

Mäuse erzeugt werden, die den humanen Chemokinrezeptor CCR7 selektiv nur auf T-Zellen 

exprimieren, während alle anderen Zellen CCR7-defizient bleiben. 

In dieser Arbeit wurde herausgefunden, dass die Expression von CCR7 auf den T-Zellen 

alleine nicht ausreicht, um die Homöostase der Wanderung zu gewährleisten. Vielmehr zeigte 

sich in den peripheren Lymphknoten der Mäuse eine verminderte Konzentration des 

Chemokins CCL21, Ligand des Chemokinrezeptors CCR7. Dies könnte darauf zurück geführt 

werden, dass die CCR7-defizienten dendritische Zellen nicht in den Lymphknoten 

einwandern können, um dort das von den Stromazellen gebildete CCL21 zu binden. 

Die geringe Konzentration des Chemokins CCL21 führt dazu, dass die T-Zellen den 

Lymphknoten schneller verlassen, als dass neue T-Zellen einwandern können. Dies führt zu 

einer Reduktion von T-Zellen im Lymphknoten. 

Ein weiterer Chemokinrezeptor, CCR9, ist dagegen ein wichtiger Migrationsfaktor für die 

Wanderung von Immunzellen in den Darm. 
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Der Ligand des Rezeptors CCR9, das Chemokin CCL25, wird unter anderem im Epithel des 

Dünndarms exprimiert. Das Oberflächenepithel des Darms stellt eine der wichtigsten 

Kontaktstellen des Körpers mit Bakterien, Viren und anderen körperfremden Antigenen dar. 

Um einer Infektion vorzubeugen, benötigt es daher einen effektiven Schutz. Dazu liegen in 

der Lamina propria und im Epithel der Mukosa eine Vielzahl von Immunzellen vor.  

In dieser Studie wurde insbesondere eine Subpopulation der dendritischen Zellen genauer 

untersucht. Dabei handelt es sich um die intestinalen plasmazytoiden dendritischen Zellen 

(pDC). Es stellte sich heraus, dass CCR9 eine entscheidende Rolle bei der Migration der pDC 

in den Dünndarm spielt. Zusätzlich konnte die wichtige Bedeutung der pDC zur schnellen 

Mobilisierung der in der Lamina propria ansässigen myeloiden dendritischen Zellen (mDC) 

entschlüsselt werden. 

 

Stichwörter: CCR7, CCR9, plasmazytoide dendritische Zellen
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Abstract 
After their development leucocytes circulate through the blood and the lymphatic system to 

track down foreign antigens as fast as possible and to induce an immune response. The 

migration into the lymphatic organs underlies a strict control that is caused by chemokines. 

These chemokines are small chemotatic molecules that effect the migration of leucocytes by 

means of a chemokine gradient. 

Naïve T-cells express CCR7 and migrate via high endothelial venules (HEV) into secondary 

lymphatic tissue. To investigate the influence of CCR7 on the migration of lymphocytes, 

mutant mice were generated. The murine CCR7 gene was substituted by the human CCR7 

gene by homologous recombination. 

Together with the homologous recombination of the CCR7 allel, the PgK-NEO-cassette used 

as a selection marker, was integrated into the genome of the mouse. The PgK-NEO-cassette 

disabled the expression of human CCR7. This in turn led to knock-out phenotype of the 

mouse. 

The PgK-NEO-cassette is flanked on both sides by LoxP-sites. This allowed the removal of 

the PgK-NEO-cassette by means of the cre/LoxP-system. 

Breeding the mutant mice with CD4-Cre-deleter mice generated mice that expressed the 

human CCR7 chemokine receptor selectively on T-cells while all other cells possessed a 

knock-out phenotype. 

It was concluded that the expression of CCR7 on T-cell is not sufficient to ensure the 

homeostasis of migration. Rather, this study has shown that there is less CCL21 concentraion 

in the lymph node. This might be due to the interruption of the CCR7-dependent migration of 

dendritic cells into the lymph node where the dendritic cells bound the CCL21. The low 

concentration of CCL21 leads to a rapid departure of T-lymphocytes out of the lymph node. 

The immigration of T-cells into the lymph node is not fast enough, and new T-cells are, thus, 

not able to enter the lymph node. 

In contrast, CCR9 is an important factor for the migration of cells into the small intestine. The 

ligand of CCR9, the chemokine CCL25, is mainly expressed by the epithelium of the small 

intestine. Since the surface of the intestine is one of the largest ports of entry for bacteria, 

viruses, and other foreign antigens, this epithelium needs well organized protection. For that 

purpose a variety of immune cells are present in the lamina propria and in the epithelium of 

the mucosa. 
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In this study, plamacytoid dendritic cells were particulary investigated. It was discovered that 

CCR9 plays a crucial role in migration of pDC to the small intestine. Additionally, the 

important role of pDC for rapid mobilization of lamina propria mDC could be identified. 

 

 

Keywords: CCR7, CCR9, plasmacytoid dendritic cells
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1. Einleitung 

 
Immunzellen sind migratorische Zellen, die im ganzen Körper verteilt vorliegen. Das ständige 

Zirkulieren durch den Körper und die damit verbundene große Präsenz in den 

unterschiedlichen lymphatischen und nicht-lymphatischen Geweben ist wichtig, weil 

Pathogene und fremde Antigene jederzeit an den unterschiedlichsten Orten in den Körper 

eindringen können. Dies wird besonders bei den mukosalen Oberflächen, wie z.B. der 

Darmschleimhaut, deutlich, in der eine Vielzahl von Bakterien, die in ihrer Anzahl die Zellen 

des Körpers deutlich übersteigen, nur durch eine einzige Schicht von Epithelzellen vom 

Körperinneren getrennt wird (1). Immunzellen sind nicht zufällig im Körper verstreut: 

Insbesondere Zellen des adaptiven Immunsystems füllen ein komplexes System sekundärer 

lymphatischer Organe, wie Lymphknoten, Milz und Peyersche Platten, in denen die 

Immunantwort kontrolliert wird  (2). 

Naive T-Zellen reifen in den primären lymphatischen Organen und zirkulieren danach mit 

dem Blut durch die sekundären lymphatischen Organe. Dort treffen sie auf Antigene, die von 

Antigen-präsentierenden Zellen in der Peripherie aufgenommen und in die sekundären 

lymphatischen Organe transportiert wurden (3). Dies ermöglicht die Aktivierung der 

antigenspezifischen Lymphozyten und ein Ingangsetzen der adaptive Immunantwort, mit dem 

Ziel, die gebildeten Effektorzellen gezielt zum Entzündungsherd zu führen.  

Für alle Wanderungsschritte benötigt die Zelle Chemokine als Wegweiser, die ihnen nicht nur 

den Weg in die lymphatischen und nicht-lymphatischen Organe zeigen, sondern die ihnen 

auch ihren Platz in den Kompartimenten innerhalb der Organe und deren Mikrostruktur 

zuweisen.  

 

 

1.1 Chemokine und Chemokinrezeptoren 

 
Chemokine und ihre Rezeptoren sind die Schlüsselfaktoren bei der fein abgestimmten 

Migration von Leukozyten in lymphatisches und nicht-lymphatisches Gewebe (4, 5). 

Sie sind chemotaktischen Cytokine von etwa 8 –14 kDa, die von unterschiedlichen Zellen des 

Körpers freigesetzt werden können. Chemokine werden, wie die Cytokine, von Leukozyten 

und Gewebezellen unter konstitutiven oder inflammatorischen Bedingungen sezerniert und 

können auf diese Weise eine auto-, para- oder endokrine Wirkung entfalten (6, 7). 
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Dabei werden die Chemokine von den entsprechenden Chemokinrezeptoren der Zielzellen 

erkannt und tragen auf diese Weise zur Entwicklung, Homöostase und Funktion des 

Immunsystems bei (4, 8, 9). 

Das Zusammenspiel der großen Anzahl von Chemokinen mit ihren Rezeptoren bildet ein 

komplexes Netzwerk, das nicht nur die Einwanderung der verschiedenen Zellpopulationen in 

die Makrostrukturen, wie z.B. Lymphknoten oder Milz organisiert, vielmehr kontrollieren die 

Chemokin-vermittelten Signale zusätzlich die Positionierung der Immunzellen in definierte, 

funktionelle Kompartimente (Mikroarchitekturen). 

Die meisten Chemokinrezeptoren verfügen über mehr als einen Liganden. Der 

Chemokinrezeptor CCR9 jedoch interagiert, soweit bisher bekannt, lediglich mit einem 

einzigen Linganden: dem Chemokin CCL25 (10). 

 

 

1.1.1 Der Chemokinrezeptor CCR9 

Die Expression des Chemokins CCL25 wurde erstmals bei dendritischen Zellen in der 

Medulla des Thymus nachgewiesen (11). Es konnte jedoch kurz darauf gezeigt werden, dass 

es auch von den Epithelzellen in Kortex und Medulla des Thymus und von den Epithelzellen 

des Dünndarms exprimiert wird (12), nicht jedoch vom Dickdarmepithel oder anderem 

Gewebe (12). 

Im Thymus trägt die Mehrzahl der CD4/CD8-doppeltpositiven Thymozyten CCR9, während 

beim Wechsel der Zellen zum Stadium der CD4- oder CD8-einzelpositiven Thymozyten 

CCR9 herab reguliert wird (12). 

Der Dünndarm beinhaltet in jeder einzelnen Zotte eine Vielzahl von Immunzellen. Dabei 

unterscheidet man zum einen die Immunzellen, die zwischen den Enterozyten liegen, die 

intraepithelialen Lymphozyten (IEL; Abb.1), und zum anderen die Immunzellen, die 

unterhalb des Epithels in der Lamina propria liegen, den Lamina propria Lymphozyten (LPL; 

Abb.1). 
Es besteht eine direkte Korrelation zwischen der Expression von CCR9 auf intestinalen 

Immunzellen und dem Migrationsverhalten dieser Zellen in den Darm (10, 13). 

Auf nahezu allen T-Zellen der IEL und LPL der Lamina propria wird der Chemokinrezeptor 

CCR9 exprimiert, wohingegen im Blut nur von einem sehr geringen Teil der T-Zellen CCR9 

gebildet wird (14, 15). Die Rolle der Wechselwirkung zwischen CCR9 und CCL25 wird 

deutlich, wenn CCL25 durch die Verabreichung von Antikörpern blockiert wird. T-Zellen 

können in diesem Fall nicht mehr effizient in den Darm wandern (16). 
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CCR9-defiziente Mäuse weisen eine Reduktion an intraepithelialen T-Zellen auf. Die große 

Mehrheit der CD8αα TCRαβ+ und CD8αα TCRγδ+ IEL exprimiert CCR9 und migriert in 

chemotaktischen in vitro Migrationsexperimenten auf CCL25 (17). Des Weiteren konnte 

gezeigt werden, dass IgA-produzierende Plasmazellen aus Milz, Peyerschen Platten und 

mesenterischen Lymphknoten in hohem Maße auf CCL25 migrieren (15). Plasmazellen 

werden in großer Anzahl in die Lamina propria des Darms rekrutiert. Dabei wird zwischen 

IgA+ B220int und IgA+ B220- Plasmazellen unterschieden. Plasmazellen, die B220 in 

intermediärem Maße exprimieren, wandern deutlich besser auf CCL25 als Plasmazellen ohne 

B220-Expression. Bowman et al. führen dies darauf zurück, dass IgA+ B220- Plasmazellen ihr 

endgültiges Ziel erreicht haben und dadurch kein Bedarf mehr an dem Migrationsrezeptor 

besteht (15). 

Die ausgereiften B-Zellen verlassen die Peyerschen Platten oder den mesenterischen 

Lymphknoten und migrieren mit Hilfe von CCR9 in die Lamina propria des Dünndarms.  

Bereits vor über 40 Jahren konnte festgestellt werden, dass IgA den Hauptanteil des 

Immunglobulin-Isotyps ausmacht (18).  

Den größten Teil der Lamina propria Zellen machen die dendritischen Zellen und die 

Makrophagen aus (19). Es wird sogar beschrieben, dass die mDC der Lamina propria in der 

Lage sind die Tight Junctions zwischen den Epithelzellen durchdringen, um Dendriten in das 

Lumen des Darms zu senden (Abb.1). Mit diesen sind sie in der Lage von dort direkt z.B. 

Bakterien aufzunehmen und zu prozessieren. Diese Eintrittsroute für Bakterien ist völlig 

unabhängig von den auf transzytotische Transportfunktionen spezialisierten M-Zellen der 

Peyerschen Platten (20). 

Zusammenfassend lässt sich sagen, dass CCR9 ein wichtiger Migrationsfaktor ist, um 

Immunzellen in peripheres Gewebe, wie es der Darm darstellt, zu leiten. Die Einwanderung 

der Zellen in die sekundären lymphatischen Gewebe wie Lymphknoten wird jedoch von 

einem anderen wichtigen homöostatisch exprimierten Chemokinrezeptor gesteuert. Dabei 

handelt es sich um den Chemokinrezeptor CCR7 und seine konstitutiv exprimierten Liganden 

CCL19 und CCL21. 
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Abbildung 1: Schema einer murinen Dünndarmzotte. Das Lumen des Darms wird durch nur eine 

Schicht Epithelzellen vom Körper getrennt. Zwischen den Epithelzellen finden sich Immunzellen, fast 

ausschließlich T-Zellen, die in ihrer Gesamtheit IEL (Intraepitheliale Lymphozyten) genannt werden. 

In der Lamina propria dagegen befinden sich Blut- und Lymphgefäße und eine Vielzahl verschiedener 

Zellen. 

 

1.1.2 Der Chemokinrezeptor CCR7 
Der Chemokinrezeptor CCR7 und seine beiden einzigen Liganden, die konstitutiv 

exprimierten Chemokine CCL19 und CCL21, regulieren die Zellwanderung während der 

Homöostase (21). Sie werden von einer Reihe verschiedener Zellpopulationen, wie den 

Stromazellen der T-Zellzone (22), den Thymozyten, während bestimmter Stadien ihrer 

Entwicklung (23), naiven B- und T-Zellen (24, 25) und Subpopulationen von Gedächtnis-T-

Zellen (25) exprimiert. 

CCR7 und seine Liganden konnten als entscheidende Migrationsfaktoren bei der 

Einwanderung von T-Zellen und dendritischen Zellen in die Lymphknoten identifiziert 

werden (26). 

In CCR7-defizienten Mäusen zeigt sich eine gravierende Reduktion der T-Zellen in 

Lymphknoten und Peyerschen Platten (26). Auch die Aufteilung in strukturierte 

Kompartimente, wie B-Zellzone und T-Zellzone, ist gestört. Transferiert man CCR7-

defiziente T-Zellen in Wildtyp-Empfänger, sind sie nicht in der Lage in die Lymphknoten 

einzuwandern. In der Milz lassen sich die transferierten Zellen in der roten Pulpa, jedoch 

nicht in der weißen Pulpa finden (26). 
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Lymphozyt 
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Plasmazelle

T-Zelle

Makrophage

Bakterium 

Lamina propria



Einleitung    
 

    5

Die Migration von T-Zellen in den Lymphknoten findet über postkapilläre Venolen mit 

hohem Endothel (HEV – high endothelial venules) statt (27). 

 

 

1.2 CCR7-vermittelte Migration naiver T-Zellen 

 

1.2.1 Einwanderung von T-Zellen in den Lymphknoten mittels der 

mehrstufigen Adhäsionskaskade 
Die Migration von T-Zellen in den Lymphknoten wird am besten anhand eines 

Mehrstufenmodells beschrieben, in dessen Ablauf verschiedene Adhäsionsmoleküle sowie  

Chemokine involviert sind. Sie erlauben den Eintritt der T-Zellen aus dem Blut über HEV in 

den Lymphknoten (27, 28). Die HEV sind postkapilläre Venolen, die sich durch einen sehr 

kleinen Gefäßdurchmesser auszeichnen (29). Da die Fließgeschwindigkeit in diesen dünnen 

Gefäßen sehr hoch ist und somit ernorme Scherkräfte auf den Zellen lasten, ist ein einfacher 

Durchtritt der Zellen durch die Gefäßwand nicht möglich. Daher wird eine Abbremsung der 

Zellen im Blutstrom über Adhäsion benötigt, was zu einem Rollen entlang der Gefäßwand 

führt. Dadurch ist die Aktivierung und feste Bindung möglich, die letztendlich zum Durchtritt 

der Zelle durch die Gefäßwand führt (30). 

Die Adhäsion der Lymphozyten an das Endothel der HEV wird von Selektinen vermittelt 

(31). Alle Selektine sind Zelloberflächenmoleküle, die eine Grundstruktur gemeinsam haben. 

Diese unterscheidet sich nur in den extrazellulären Abschnitten der Lektindomänen. Diese 

Domänen binden jeweils an ein spezifisches Kohlenhydratmolekül (sulfatisiertes Sialyl-

Lewisx) der Zelloberfläche (32). L-Selektin bindet im peripheren Lymphknoten an das 

Adressin PNAd (peripheral-node addressin; ref. 30, 33). Allerdings ist die Bindung zu locker, 

um eine feste Adhäsion an die Gefäßwand zu garantieren (Abb.2, Abbremsen und Rollen). 

Die Zellen lösen sich und gehen gleichzeitig neue Bindungen ein, was zu einem langsamen 

Rollen entlang der Gefäßwand führt. Eine feste Bindung und somit eine Arretierung der 

Zellen kann erst durch Integrine, wie LFA-1 vermittelt werden (Abb.2; ref. 34). Diese müssen 

jedoch zuvor Signale zur Konformationsänderung erhalten, um eine feste Bindung mit den 

Liganden ICAM-1,2 eingehen zu können (35). Das benötigte Signal kann von dem 

Chemokine CCL21, das an der Endotheloberfläche der Gefäßwand gebunden ist und von 

Stromazellen in der T-Zellzone sezerniert wird, ausgelöst werden (Abb. 2, Aktivierung; ref. 

36). Das Chemokin wird von dem Chemokinrezeptor CCR7 der migrierenden Zellen erkannt 

und führt dort zu einer erhöhten Affinität der Integrine zu ihren Liganden an der 
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Endothelwand (Abb.2, Bindung; ref. 37). Nachdem die Zelle an der Endothelwand festen Halt 

über die Integrine gefunden hat, kann sie das Endothel durchdringen und dem 

Chemokingradienten im Inneren des Lymphatischen Gewebes zu ihrem Bestimmungsort 

folgen (Abb.2, Transmigration).  

CCR7 ist nicht nur an der Einwanderung von Lymphozyten in Lymphgewebe beteiligt, 

sondern begünstigt auch die Beweglichkeit von T-Zellen innerhalb der T-Zellzone (38, 39). 

 

 

 
Abbildung 2: Modifiziertes Schema der mehrstufigen Adhäsionskaskade (nach Ulrich H. von Andrian 

und  Charles R. Mackay, The New England Journal of Medicine, 2000). Das Bild zeigt naive T 

Lymphozyten, die durch die HEV in die peripheren Lymphknoten einwandern. Dabei werden sie von 

Selektinen locker gebunden, was zu einer Abbremsung und einem langsamen Rollen der Zellen 

entlang des Endothels führt. Im weiteren Verlauf werden die Zellen durch Chemokine aktiviert, was 

zu einer Konformationsänderung der Integrine führt. Infolgedessen werden die Zellen fest an die HEV 

gebunden und können in den Lymphknoten einwandern. Dabei können die Lymphozyten zwischen 

zwei Wegen der Transmigration wählen: der parazellulären Migration zwischen den Endothelzellen 

hindurch und der transzellulären Migration, bei der sie durch das Zytoplasma der Endothelzellen 

stoßen. 
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1.2.2 CCR7-abhängige Verweildauer von T-Zellen im Lymphknoten 
Während die Einwanderung der Zellen in den Lymphknoten gut untersucht ist, ist die 

Kenntnis über deren Auswanderung bisher begrenzt. Die Lymphozyten verlassen die 

Lymphknoten und die Peyerschen Platten durch die efferente Lymphe, während die 

Auswanderung aus der Milz zusammen mit dem Blut erfolgt (40). Die Austrittspforte der 

Immunzellen aus dem Lymphknoten sind efferente Lymphgefäße, die sich an den Marksinus 

anschließen (Abb.3; ref. 41, 42). 

Als ein wichtiger Faktor, der bei der Emigration von Immunzellen eine Rolle spielt, konnte 

Sphingosin-1-Phosphat (S1P) identifiziert werden (43, 44). Dabei wurde in Studien 

festgestellt, dass der S1P Rezeptor-1 (S1P1) für die Auswanderung von Lymphozyten aus 

dem Thymus und aus peripheren lymphatischen Organen notwendig ist (43, 44). S1P1 ist ein 

Rezeptor, der Signale mittels der Gαi-Untereinheit der G-Proteine weiterleitet (45). 

Cyster et al. konnten kürzlich nachweisen, inwiefern S1P1 die Auswanderung von 

Lymphozyten unterstützt. Dabei ist wichtig zu wissen, dass die Verweildauer der 

Lymphozyten im Lymphknoten CCR7-abhängig ist (46). CCR7 hält die Lymphozyten im 

Lymphknoten zurück und verhindert deren Emigration. Dies zeigte sich in Experimenten mit 

CCR7-defizienten Immunzellen. Nach dem Transfer von CCR7-defizienten Zellen und 

Wildtyp-Zellen in Wildtyp-Mäuse, konnte gezeigt werden, dass CCR7-defiziente 

Lymphozyten die peripheren Lymphknoten deutlich schneller wieder verlassen, als es bei den 

ko-transferierten Kontrolllymphozyten der Fall war (46). Damit ist CCR7 ein direkter 

Gegenspieler zu S1P1. Pham et al. nehmen an, dass die S1P1-vermittelte Auswanderung durch 

die Herabregulierung des CCR7, wie sie in aktivierten T-Zellen stattfindet, und durch die 

Inhibierung der Gα1-Proteine unterstützt wird (46). Zusammenfassend lässt sich sagen, dass 

die Entscheidung darüber, ob der Lymphozyt den Lymphknoten verlässt oder noch länger in 

ihm verweilt, davon abhängig ist, welches Signal zu dem jeweiligen Zeitpunkt stärker auf die 

Zelle wirkt. 

CCR7 ist aber nicht nur ein wichtiger Migrationsfaktor für T- und B-Zellen, sondern 

vermittelt auch die Migration reifer dendritischer Zellen in den Lymphknoten (26, 47). 
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Abbildung 3: Schematisch dargestellte Funktion der homöostatisch exprimierten Chemokine CCL21 

und CCL25 in der Migration von Immunzellen im intestinalen Immunsystem. CCR9 leitet die 

Migration verschiedener Immunzellen über die Blutgefäße in die Darmmukosa, während CCR7 

aktivierte dendritische Zellen durch Lymphgefäße in den drainierenden Lymphknoten leitet. In den 

Lymphknoten selbst gelangen B- und T- Zellen durch die CCR7-vermittelte Migration durch die HEV, 

wohingegen sie ihn durch efferente Lymphgefäße wieder verlassen. 
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1.3 Dendritische Zellen 
 
1.3.1 CCR7 organisiert die Migration Dendritischer Zellen aus der 

Peripherie in die T-Zellzone der Lymphknoten 

Dendritische Zellen sind auf das Präsentieren von Antigen spezialisierte Zellen, die Antigen 

in nicht-lymphatischen Gewebe aufnehmen, prozessieren und in die drainierenden 

Lymphknoten wandern, um es dort den T-Zellen zu präsentieren (48).  

Die unreifen mDC finden sich in nicht-lymphatischen Geweben und auf der Oberfläche von 

Organen, um ihre Umgebung nach Antigenen abzusuchen. Auch in der Kuppelregion der 

Peyerschen Platten findet man mDC, die dort Antigen aufnehmen, das via Transzytose von 

den M-Zellen aus dem Lumen an sie weitergegeben wird (49). 

Im Gewebe nehmen mDC über Pinozytose, Endozytose und Phagozytose Antigene auf, bauen 

diese zu Proteinen um und laden diese auf Haupthistokompatibilitätskomplex (major 

histocompatibility complex – MHC), um diesen Peptid-MHC-Komplex zur Zellmembran zu 

schicken (49). 

Haben die mDC einmal Antigen aufgenommen, beginnen sie zu reifen. Durch die Reifung 

wird der Chemokinrezeptor CCR7 hochreguliert, was eine Migration in das sekundäre 

lymphatische Gewebe ermöglicht (Abb.3; ref. 50). Anders als Lymphozyten, die mittels der 

HEV in den Lymphknoten gelangen, migrieren mDC durch das afferente Lymphgefäßsystem 

in den Lymphknoten und weiter in die T-Zellzone des lymphatischen Gewebes (Abb. 3). 

Dort treffen sie auf die ständig durch die Lymphknoten zirkulierenden naiven T-Zellen. 

Erkennen die T-Zellen ihr spezifisches Antigen auf den mDC, werden sie aktiviert und reifen 

zu Effektor-T-Zellen heran. 

 

 

1.3.2 Plasmazytoide dendritische Zellen 
Vor einigen Jahren konnte eine neue Subpopulation der mDC identifiziert werden. Dieser 

Subpopulation wurde später der Name „plasmazytoide dendritische Zellen“ gegeben. Sie 

wurden erstmals 1958 von den beiden Pathologen Lennert und Remmele als eine 

Zellpopulation in der T-Zellzone humaner Lymphknoten beschrieben, die zwar eine 

plasmazellartige Morphologie aufwiesen, jedoch keine bekannten Marker für Plasmazellen 

oder B-Zellen exprimierten (51). 

Im weiteren Verlauf wurden diesen Zellen verschiedene Namen gegeben, wie „T-Zell-

assoziierte Plasmazellen“ (52), „plasmazytoide T-Zellen“ (53) und „plasmazytoide 
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Monozyten“ (54). Doch erst in den späten 1990er Jahren kam man der Funktion der Zellen 

auf die Spur, nachdem es gelungen war, sie zu isolieren und zu kultivieren. So fand man 

erstmals heraus, dass sie in der Lage waren, große Mengen Interferon-alpha (IFN-α) nach 

viraler Infektion zu produzieren und in vitro zu mDC zu differenzieren (55, 56). 

Heute wird die Zelle aufgrund ihrer Morphologie als plasmazytoide dendritische Zelle (pDC; 

ref. 57) oder auch basierend auf ihrer Eigenschaft große Mengen an INF-α zu produzieren 

„IFN-produzierende Zelle“ (IFN-producing cell, IPC; ref. 58) genannt. 

Zunächst wurden pDC nur im Menschen beschrieben. Ihre Abstammung wurde als lymphoid 

und nicht myeloid angesehen, da sie viele der typischen myeloiden Antigene wie CD11b, 

CD13, CD14 und CD33 nicht exprimierten und keine phagozytotische Aktivität aufwiesen 

(59). Im Menschen werden pDC als CD4+ CD11c- lin- (CD3, CD14, CD16, CD19, CD56) 

Zellen mit plasmazellartiger, glatter und runder Morphologie mit einem nierenförmigen 

Zellkern beschrieben (59, 60). 

Im Jahr 2001 wurden pDC dann erstmals auch im lymphatischen Gewebe der Maus gefunden 

(57, 58). Murine pDC zeigen die gleichen morphologischen Eigenschaften wie humane pDC, 

sie werden jedoch am besten durch die Expression der Marker CD11cintB220+Ly6c+ 

beschrieben (57). Ähnlich wie B- und T-Zellen migrieren pDC durch die HEV, um sich in der 

T-Zellzone zu positionieren. 

 

 

1.4  Aufgabenstellung 
 

Es gibt bereits viele Untersuchungen zur Migration von Immunzellen in lymphatisches und 

nicht-lymphatisches Gewebe. Sie liefern einen guten Überblick, jedoch ist die Aufgabe der 

Chemokinrezeptoren CCR7 und CCR9 im Detail noch nicht verstanden.  

Ziel dieser Arbeit war es, die Funktion des Chemokinrezeptors CCR7 bei der Migration von 

T-Zellen zu entschlüsseln. Dabei sollte insbesondere untersucht werden, wie sich CCR7-

positive T-Zellen in einem CCR7-defizienten Organismus verhalten. Um dies zu klären, sollte 

eine Maus generiert werden, die ausschließlich auf den T-Lymphozyten CCR7 exprimiert, 

während alle übrigen Zellen defizient für CCR7 sind.  

Der zweiter Teil dieser Arbeit befasste sich mit der CCR9-abhängigen Migration von 

Immunzellen in den Dünndarm der Maus. Hierbei wurde insbesondere eine Subpopulation der 

dendritischen Zellen untersucht, die plasmazytoiden dendritischen Zellen. 
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2. Diskussion 
 

2.1 Der Chemokinrezeptor CCR9 trägt zur Lokalisation von Plasmazellen 

in den Dünndarm bei 

 
Es konnte gezeigt werden, dass Plasmazellen CCR9 exprimieren und in vitro auf CCL25 

migrieren (15). Pabst et al. konnten nun verdeutlichen, dass die Einwanderung von 

Plasmazellen in die Lamina propria des Dünndarms von CCR9-defizienten Mäusen gestört 

ist. Dies führt zu einer reduzierten Anzahl von IgA-produzierenden Plasmazellen innerhalb 

der Lamina propria. Als unmittelbare Folge der Reduktion von IgA+-Plasmazellen kann in 

diesen Tieren keine ausreichende Immunantwort auf orale Antigene erzielt werden. 

Der Aufbau und die Zellzusammensetzung der Peyerschen Platten sind in CCR9-defizienten 

Tieren jedoch nicht beeinträchtigt. Die Mobilisierung von mDC in der subepithelialen Region 

der Peyerschen Platten durch die orale Verabreichung von Choleratoxin ist in Mutanten und 

Wildtypen gleichermaßen möglich. Die Aktivierung naiver B-Zellen sollte demnach auch in 

CCR9-defizienten Tieren möglich sein. Es konnte gezeigt werden, dass die Bildung von IgA+ 

Plasmazellen unbeeinflusst von der CCR9-Defizienz ist (61). 

 

 

2.2 CCR9 ist ein Migrationsfaktor, der plasmazytoide dendritische Zellen 

in den Dünndarm leitet 
 

2.2.1 Charakterisierung und Lokalisation der pDC im Dünndarm der Maus 
Wie bereits in der Einleitung beschrieben, konnten plasmazytoide Zellen bereits 2001 in der 

Maus identifiziert werden (58). Die Arbeitsgruppe um Giorgio Trinchieri konnte zeigen, dass 

eine Zellpopulation mit plasmazytoider Morphologie in der Milz und im Knochenmark für die 

Virus-induzierte IFN-α Produktion verantwortlich ist. Diese Zellen exprimierten CD11c, 

Ly6G/C und B220 und ähnelten den humanen plasmazytoiden DC stark (58). 

Im Rahmen der vorliegenden Arbeit ist es gelungen, pDC im Darm der Maus nachzuweisen. 

Die Zellen ließen sich über die oben beschrieben Marker und ihre plasmazytoide Morphologie 

identifizieren. Darüber hinaus exprimierten die Zellen die pDC-Marker PDCA-1 und 120G8. 

Obwohl der größte Anteil der pDC im Bereich der Lamina propria zu liegen schien und nur 

ein vergleichsweise kleiner Teil der pDC direkt am oder im Epithel lag, konnte in 
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durchflusszytometrischen Untersuchungen gezeigt werden, dass sich in den Isolationen von 

Lamina propria und Epithel in etwa gleich viele pDC finden ließen. Diese Beobachtung gab 

Grund zur Annahme, dass sich die pDC des Epithels leichter und erfolgreicher isolieren 

lassen, als die der Lamina propria. Würden die pDC der Epithelfraktion aus der Lamina 

propria stammen und durch unpräzise Isolation vermehrt in die Epithelfraktion gelangen, so 

müssten auch andere Zellen der Lamina propria, wie etwa die mDC, in der Epithelfraktion 

nachweisbar sein. Dies war aber nicht der Fall. 

Die weiteren Untersuchungen dieser Studie bezogen sich auf Grund der einfacheren und 

sanfteren Gewinnung weitgehend nur noch auf die pDC des Epithels. 

Die selektive Expression von Adhäsionsmolekülen auf unterschiedlichen Zellpopulation 

entscheidet über die Positionierung der Zellen an bestimmten physiologischen Orten. Diese 

Orte können die Lymphknoten, aber auch der Darm sein. Wie es bereits im Abschnitt 1.1 

beschrieben wurde, spielen bei diesem Prozess Chemokine eine wichtige Rolle. 1999 konnte 

gezeigt werden, dass der Chemokinrezeptor CCR9 von allen intestinalen Lamina propria und 

intraepithelialen Lymphozyten exprimiert wird (10). In der vorliegenden Studie konnte 

gezeigt werden, dass auch die intestinalen pDC und die pDC des Knochenmarks in hohem 

Maße CCR9 exprimieren, während pDC aus anderen lymphatischen Organen dies nur zu 

einem geringen Anteil tun. 

In diesem Zusammenhang stellt sich die Frage, ob pDC, die bereits im Knochenmark CCR9 

exprimieren, ausschließlich in den Darm wandern, oder ob das darmspezifische 

Expressionsmuster erst an anderer Stelle induziert wird. Dies ist beispielsweise bei T-Zellen 

und Plasmazellen der Fall. Effektor T-Zellen, die in unterschiedlichen lymphatischen Organen 

generiert werden, zeigen einen spezifischen Gewebetropismus. Effektor T-Zellen, die im 

mesenterischen Lymphknoten aktiviert werden, regulieren ihre Expression der 

darmspezifischen Moleküle, das Integrin α4β7 und der Chemokinrezeptor CCR9, hoch. Die 

Regulation dieser beiden Moleküle wird durch Retinsäure induziert, die wiederum von Darm-

assoziierten dendritischen Zellen aus Retinol (Vitamin A) produziert wird (62). Es besteht die 

Möglichkeit, dass pDC nach der Auswanderung aus dem Knochenmark CCR9 

herunterregulieren, und dass erst im mesenterischen Lymphknoten die Expression von CCR9 

durch den oben beschriebenen Mechanismus induziert wird, was eine Lokalisation im 

Dünndarm zur Folge hat.  

Eine weitere Möglichkeit ist, dass die pDC aus dem Knochenmark auf Grund der CCR9-

Expression zunächst in den Dünndarm wandern, um sich von dort aus im gesamten Körper zu 

verteilen. Beide Annahmen gehen mit der Beobachtung konform, dass pDC auch in anderen 

lymphatischen Geweben zu finden sind. Zudem tragen pDC bereits im Knochenmark eine 
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Vielzahl anderer Chemokinrezptoren, wie die inflammatorisch exprimierten Rezeptoren 

CCR5 und CXCR3, was die Wanderung der Zellen zu Entzündungsherden ermöglicht (63-

65). 

 

2.2.2 Die Migration der pDC in den Dünndarm ist CCR9-abhängig 

Bereits Agace et al. konnten zeigen, dass CCR9 vorzugsweise von murinen αEβ7 CD8αβ+ 

Lymphozyten exprimiert wird, und dass die CCR9-Expression auf einem Teil dieser Zellen 

nach Aktivierung im mesenterischen Lymphknoten beibehalten wird. Die aktivierten CCR9+ 

CD8αβ+ Lymphozyten lokalisieren sich daraufhin in der Dünndarmmukosa. Durch die Gabe 

eines spezifischen Antikörpers, der den CCR9-Liganden CCL25 neutralisiert, konnte die 

Lokalisation dieser Zellen in der Dünndarmmukosa blockiert werden. Auf diese Weise wurde 

gezeigt, dass CCL25 eine wichtige Rolle bei der Lokalisation der CD8αβ+ Lymphozyten in 

der Dünndarmmukosa spielt (16). 

Die vorliegende Studie zeigt durch Experimente zur chemotaktischen in vitro Migration, dass 

auch pDC in hohem Maße auf CCL25 migrieren. 

Die CCR9-Abhängikeit der Migration von pDC in den Dünndarm wurde durch Analysen von 

CCR9-defizienten Mäusen bestätigt. Diese Tiere weisen ein massives Fehlen von pDC im 

Epithel und der Lamina propria des Dünndarms auf. Auch in den Peyerschen Platten ist die 

Anzahl der pDC reduziert, während in anderen lymphatischen Organen, wie der Milz oder in 

Lymphknoten, kein Unterschied zwischen CCR9 Knock-out Mäusen und Wildtyptieren zu 

finden war. 

In Transferexperimenten konnte außerdem gezeigt werden, dass CCR9-defiziente Zellen nicht 

in der Lage waren, in den Dünndarm einzuwandern. Diese Ergebnisse verdeutlichen, dass 

pDC in ähnlicher Weise wie es für CD8αβ+ Lymphozyten bereits gezeigt wurde, CCR9-

abhängig in die Dünndarmmukosa einwandern. 

Anjuere et al. konnten in ihrer Studie zeigen, dass es nach der oralen Applikation von 

Choleratoxin zu einer massiven Akkumulation dendritischer Zellen in der subepithelialen 

Mukosa der Dünndarmzotten und des drainierenden mesenterischen Lymphknotens kommt. 

Die Autoren nehmen an, dass Choleratoxin dendritische Zellen in das mukosale Epithel lockt 

und deren Reifung, mit anschließender Wanderung in den mesenterischen Lymphknoten, 

stimuliert (66).  

In der vorliegenden Studie reagierten pDC nach oraler Gabe von Choleratoxin ähnlich wie die 

oben beschriebenen mDC mit einer Akkumulation in der Dünndarmmukosa. 
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 Zusammengefasst verdeutlichen diese Ergebnisse, dass CCR9 notwendig ist, um pDC unter 

homöostatischen und inflammatorischen Bedingungen in den Dünndarm zu rekrutieren. 

Unklar ist, ob noch andere Adhäsionsmoleküle an diesem Prozess beteiligt sind. Die Daten in 

dieser Studie legen nahe, dass auch α4β7-Integrin oder P-Selectin dazu beitragen könnten 

(67). 

 

2.2.3 pDC-abhängige Mobilisierung von myeloiden DC aus der Lamina 

propria 
Wie bereits erläutert, ist das intestinale Immunsystem einer Vielzahl von harmlosen und 

pathogenen Antigenen ausgesetzt und reagiert auf diese Antigene unterschiedlich. 

Dendritische Zellen tasten das Darmlumen ab, transportieren Antigene und übermitteln 

wichtige Informationen, die für eine anschließende Regulation der adaptiven Immunantwort 

gebraucht werden. Die mikrobiologischen Reize, die die Wanderung und Reifung der mDC 

beeinflussen, werden dabei in der Regel über Toll-like-Rezeptoren (TLR) und/oder 

inflammatorische Zytokine übertragen. Wie diese Umgebungsinformationen von den 

intestinalen mDC genau verarbeitet werden, konnte bisher noch nicht entschlüsselt werden.  

Vor kurzem konnte jedoch von der Arbeitsgruppe um Gordon MacPherson gezeigt werden, 

dass die orale Gabe des Toll-like-Rezeptor-Liganden Resiquimod (R848) eine Mobilisierung 

der Lamina propria mDC bewirkt, und dass diese Mobilisierung TNF-α-abhängig ist (68). Im 

Detail konnten die Autoren der genannten Studie beobachten, dass 4-8 Stunden nach der 

Fütterung des TLR7/8 Liganden, der Gesamtanteil der mDC in der Lymphe um das ca. 

hundertfache angestiegen ist. Als Quelle dieses Anstiegs konnte die Lamina propria 

ausgemacht werden. 12 Stunden nach der Choleratoxin-Applikation war die Lamina propria 

vollständig von mDC geleert, während im mesenterischen Lymphknoten eine Akkumulation 

von mDC zu beobachten war (68). Die Autoren konnten außerdem zeigen, dass TNF-α eine 

zentrale Rolle in der Regulation der Migration von intestinalen mDC einnimmt. 

TNF-α stimuliert dendritische Zellen zur Wanderung aus dem peripheren Gewebe in die 

drainierenden Lymphknoten und zu ihrer Reifung zu hochgradig costimulatorischen 

antigenpräsentierenden Zellen. 

MacPherson ist der Meinung, dass das TNF-α von pDC nach TLR7/8 vermittelter Stimulation 

freigesetzt wird. 

Anders als mDC exprimieren pDC hauptsächlich TLR7 und 9, was es ihnen ermöglicht, auf 

einzelsträngige RNS und virale DNS zu reagieren (69). Die TLR sind 

Transmembranrezeptoren, die in der Evolution konserviert wurden und zu den 
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Mustererkennungsrezeptoren des angeborenen Immunsystems zählen. Sie erkennen 

pathogenassoziierte molekulare Muster, zu denen beispielsweise auch LPS zählt. 

TLR7 und 8 erkennen zu großen Teilen die gleichen Liganden, nämlich einzelsträngige RNA. 

Synthetische Liganden für TLR7/8 sind die Imidazoquinoline Imiquimod und Resiquimod (R-

848; ref. 68). 

Die Untersuchungen in der vorliegenden Studie ergaben, dass die pDC des Dünndarms TNF-

α produzieren, nachdem sie in vitro mit R848 stimuliert wurden. Des Weiteren konnte eine 

klare Abhängigkeit der Mobilisierung der Lamina propria mDC von der TNF-α Produktion 

der pDC des Dünndarms nachgewiesen werden.  

Diese Ergebnisse legen den Schluss nahe, dass die CCR9-abhängige Migration von pDC in 

den Dünndarm mit der Ligation von TLR7/8 bei infektiösen Prozessen zusammenhängt. 

MacPherson nimmt an, dass die pDC, die das TNF-α zur Mobilisierung der mDC 

produzieren, möglicherweise im mesenterischen Lymphknoten positioniert sind. Die 

vorliegende Studie lässt jedoch vermuten, dass es die pDC in der Mukosa des Dünndarms 

sind, die das nötige TNF-α sezernieren. Dies macht insofern Sinn, als dass die pDC im Darm 

in unmittelbarer Nachbarschaft zu den mDC liegen und diese daher schneller mobilisiert 

werden können. 

Es ist bisher noch unklar, ob die beeinträchtigte Mobilisierung der mDC in den CCR9-

defizienten Mäusen einen Einfluss auf die Immunität gegenüber Pathogenen hat. Es ist aber 

denkbar, dass die schnelle Mobilisierung der Lamina propria mDC eine rasche Induktion der 

adaptiven Immunantwort begünstigt. 

Kelsall et al. konnten kürzlich zeigen, dass pDC in den Peyerschen Platten von Mäusen kaum 

IFN-α produzieren (70). Kelsall et al. nehmen an, dass die fehlende IFN-α Produktion der 

pDC in den Peyerschen Platten das immunologische Gleichgewicht zugunsten der 

kommensalen Bakterien verschiebt, indem potentiell gefährliche Immunantworten, die sich 

gegen diese Bakterien richten, verhindert werden. Denn antivirale Cytokine, wie IFN-α, 

können sowohl das angeborene als auch das adaptive Immunsystem aktivieren (71).  

Dem entgegen stehen die bisherigen Untersuchungen zu pDC aus sekundären lymphatischen 

Organen, in denen dieser Zelltyp durch seine Eigenschaft, große Mengen IFN-α zu 

produzieren, charakterisiert wird (58). Zudem konnte in anderen Studien bereits gezeigt 

werden, dass auch die pDC der Peyerschen Platten zur IFN-α Abgabe befähigt sind (72, 73). 

Untersuchungen, die im Rahmen dieser Studie durchgeführt wurden, ergaben, dass pDC der 

Dünndarmmukosa nach Induktion mit CpG 2216 in der Lage sind, IFN-α zu produzieren 

(unveröffentlichte Daten). 
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Eine IFN-α Abgabe der pDC im Darm macht im Falle einer viralen Darminfektion, wie sie 

beispielsweise von Rotaviren verursacht wird, durchaus Sinn. Die intestinalen pDC könnten 

helfen, die im Epithel ansässigen Lymphozyten im Falle einer viralen Infektion zu aktivieren.  

Zusammenfassend lässt sich festhalten, dass mit den pDC des Darms eine weitere Population 

identifiziert wurde, deren gerichtete Migration in den Dünndarm von CCR9 abhängig ist (74). 

CCR9 ist ein Migrationsfaktor, der im Falle des Darms, die Zellen in die Peripherie führt. Um 

jedoch die Zellen in die Lymphknoten zu leiten, sind andere Migrationsfaktoren ,wie CCR7, 

notwendig.  

 

 

2.2.4  Ausblick 

Es wird angenommen, dass pDC während einer Virusinfektion die Hauptquelle der IFNα-

Produktion sind. Es ist hinreichend bekannt, dass die meisten Zellpopulationen, dendritische 

Zellen eingeschlossen, in der Lage sind, bei einer Virusinfektion IFNα zu sezernieren (75, 

76). Der Hauptunterschied zwischen pDC und den anderen Zellen besteht darin, dass die 

IFNα-Produktion bei den pDC durch TLR7 und TLR9-induziert wird, während in anderen 

Zellen, die diese Toll-like-Rezeptoren tragen, dies nicht geschieht (69). 

So konnte in Mäusen mit Hilfe des Zytomegalievirus (77) und des Vesikulären Stomatitis 

Virus (78) gezeigt werden, dass die in vivo IFNα-Produktion tatsächlich von den pDC 

bestritten wird. Dies trifft jedoch nicht auf alle Virusinfektionen der Maus zu. Beim 

lymphozytären Choriomeningitisvirus und dem West-Nil Virus sind pDC nicht die 

Hauptproduzenten des INFα (71, 77). An dieser Stelle stellt sich die Frage: Wozu werden 

pDC benötigt, wenn sie nicht bei allen Virusinfektionen IFNα abgeben? Bis jetzt konnte die 

genaue Funktion der pDC noch nicht entschlüsselt werden. Klar ist nur, dass viele Viren 

Strategien entwickelt haben, um die IFN-Abgabe zu blockieren (79). Diese Mechanismen 

sind aber in den seltensten Fällen bei pDC wirksam, da sie entweder nicht infiziert werden 

oder da das Virus nicht in den Signalweg für die IFN-Induktion, der über TLR7 und TLR9 

geht, eingreift (76).  

Um einen Hinweis auf die Funktion der pDC im Darm zu bekommen, könnten 

Infektionsversuche an CCR9-defizienten Mäusen durchgeführt werden. Dazu bräuchte man 

einen Virus, der die Tiere über den Darm infiziert, wie beispielsweise Rotaviren dies tun. Da 

CCR9-defizienten Mäusen die pDC im Darm fehlen, müsste man untersuchen, ob sich durch 

diesen Defizit Unterschiede im Krankheitsverlauf ergeben. 
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In der vorliegenden Studie konnte CCR9 als darmspezifischer Migrationsfaktor für pDC 

identifiziert werden (74). Es ist jedoch unklar, ob noch andere Migrationsfaktoren, wie α4β7 

und P-Selektin, daran beteiligt sind. Auch dies gilt es noch zu untersuchen. 

 

 

 

2.3 Die Wanderung naiver T-Zellen ist CCR7/CCL21-abhängig 
 
Wie bereits in Abschnitt 1.1.2 beschrieben, ist der Chemokinrezeptor CCR7 mit seinen 

Liganden, den Chemokinen CCL19 und CCL21, ein wichtiger Migrationsfaktor bei der 

gerichteten Einwanderung verschiedener Leukozytenpopulationen in lymphatische Organe. 

 

 

2.3.1 Humanes CCR7 kann die Funktion des murinen CCR7 übernehmen 
Im Rahmen dieser Studie ist es gelungen, eine Maus mit einem konditionellen Knock-in zu 

erzeugen. Durch den Austausch des murinen CCR7-Gens mit dem humanen CCR7 wurde 

unter anderem eine LoxP-flankierte PgK-NEO-Kassette als Selektionsmarker in das Genom 

der Maus eingefügt. Solange die PgK-NEO-Kassette im Genom integriert war, kam es nicht 

zur Expression des eingefügten humanen CCR7-Gens und die Maus zeigte einen für CCR7-

defiziente Mäuse typischen Phänotyp (Mausbezeichnung: STOP-huCCR7). Wurde die 

modifizierte Maus jedoch mit einer Maus verpaart, die Cre-Rekombinase konstitutiv 

exprimierte, wurde der Selektionsmarker aus dem Genom entfernt und das humane CCR7 

konnte exprimiert werden. Mäuse, die das humane CCR7 konstitutiv homozygot 

exprimierten, zeigten eine annährend normale Verteilung von T-, B- und dendritischen Zellen 

in den lymphatischen Organen. 

Sowohl T-Zellen als auch aktivierte mDC zeigten in den mutierten huCCR7-Mäusen ein 

normales Migrationsverhalten in die peripheren Lymphknoten. Daraus lässt sich der Schluss 

ziehen, dass das humane CCR7 dem murinen CCR7 so stark ähnelt, dass es seine Funktion 

nahezu komplett kompensieren kann, um den Wildtyp-Zustand in der Maus 

wiederherzustellen. 

Dies gab die Möglichkeit, die so mutierte Maus mit anderen Cre-Deleter-Mäusen zu 

verpaaren, die die Cre-Rekombinase nur in bestimmten Zellpopulationen freisetzten. Dadurch 

war es möglich, Tiere zu erzeugen, die selektiv nur auf den gewünschten Zellen CCR7 

exprimierten, während alle anderen Zellen weiterhin CCR7-defizient blieben. 
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2.3.2 Generierung eines konditionalen CCR7-Knock-ins auf CCR7-

defizientem Hintergrund 
Um einen konditionalen Knock-in auf einem CCR7 Hintergrund zu erzeugen, wurden die 

mutierten Mäuse mit CD4-Cre-Deletern verpaart. CD4-Cre-Mäuse tragen ein transgenes Cre-

Rekombinase-Gen unter der Kontrolle eines CD4-Promotors (80, 81). Alle T-Zellen 

exprimieren während ihrer Entwicklung im Thymus zeitweise CD4 (23). Dies ermöglichte die 

selektive Expression der Cre-Rekombinase durch den CD4-Promotor, was zu einer Deletion 

der PgK-NEO-Kassette auf allen T-Zellen führte. Die T-Zellen trugen den humanen 

Chemokinrezeptor CCR7 auf der Zelloberfläche, während alle anderen Zellen des Körpers, 

wie B-Zellen und mDC, nach wie vor CCR7-defizient waren. Dadurch waren die T-Zellen 

wieder in der Lage, in vitro und in vivo auf CCL21 zu migrieren. Mäuse, die diesen Genotyp 

tragen, werden im weiteren Verlauf als T-CCR7 Knock-in (T-CCR7ki) bezeichnet. 

 

2.3.3 Eingeschränkte Migration von T-Zellen in T-CCR7-Knock-in Mäusen 
Die Untersuchung der T-CCR7ki Mäuse lieferte vollkommen unerwartete Ergebnisse. Es 

wurde erwartet, dass die T-Zellen in den T-huCCR7ki Mäusen, die humanes CCR7 

exprimierten, ein normales Migrationsverhalten aufweisen würden. Zwar waren die T-Zellen 

der T-huCCR7ki Mäuse in adoptiven Transfers wieder in der Lage, in die peripheren 

Lymphknoten einzuwandern (unveröffentlichte Daten), jedoch zeigten die Mäuse bezüglich 

der Zellzahl in den Lymphknoten eine starke Reduktion der T-Zellen, was einem CCR7-

defizienten Phänotyp entspricht. 

Das lässt darauf schließen, dass die Expression von CCR7 auf der Zelloberfläche der T-Zellen 

allein nicht ausreicht, um den Lymphknoten mit T-Zellen zu füllen. Vielmehr gibt es Grund 

zur Annahme, dass es durch das Fehlen CCR7 zu weiteren bisher unbekannten Defekten 

kommt.  

 

2.3.4 Reduzierte Größe der Lymphknoten in T-huCCR7ki Mäusen 
Untersuchungen der Organstruktur der T-CCR7ki Mäuse ergaben eine geringere Größe der 

Lymphknoten und eine reduzierte Länge der HEV im Vergleich zu Wildtyptieren. Doch das 

Verhältnis der Länge der HEV zur Größe des Lymphknotens ist in beiden Genotypen gleich. 

Vor einiger Zeit konnten Mebius et al. in Mäusen beobachten, dass eine Unterbrechung des 

Zuflusses an afferenter Lymphe eine massive Verkleinerung des Lymphknotens bewirkt. Sie 

fand heraus, dass dabei die Anzahl der T-Zellen in der T-Zellzone stark reduziert ist. Mebius 

et al. kamen zu dem Schluss, dass es in der afferente Lymphe Zellen oder Faktoren geben 
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muss, die maßgeblichen Einfluss auf die Anwesenheit von Zellpopulationen im Lymphknoten 

haben (82). 

Es besteht die Möglichkeit, dass durch den CCR7-Defekt der T-CCR7ki Mäuse spezifische 

Zellen oder lösliche Faktoren nicht mehr in den Lymphknoten gelangen können, die 

normalerweise die Wanderung der T-Zellen regulieren. Dies könnte in den T-CCR7ki Mäusen 

zu der von Mebius et al. beobachteten reduzierten Größe des Lymphknotens führen. 

Während einer akuten Immunantwort nehmen die Lymphknoten dagegen stark an Größe zu, 

was allgemein als Anschwellung wahrgenommen wird. Diese Vergrößerung wird von einem 

Wachstum des Gefäßsystems begleitet. Bisher ist aber noch nicht verstanden, wodurch dieses 

Wachstum bedingt wird. Kürzlich veröffentlichte Studien geben einen Hinweis darauf, dass 

dendritische Zellen, die bei Entzündung durch das afferente Lymphsystem in den 

Lymphknoten einwandern, dabei eine entscheidende Rolle spielen könnten (83). Webster et 

al. konnten zeigen, dass eine Injektion reifer Knochenmarks-DC in den Fuß der Maus zu einer 

Ansammlung der injizierten mDC im drainierenden Lymphknoten und zum Wachstum des 

Lymphknotens führt. 

Die Autoren führen das Wachstum des Lymphknotens darauf zurück, dass die 

eingewanderten mDC eine Proliferation der Endothelzellen der HEV induzieren. Dies 

geschieht dadurch, dass die mDC die Einwanderung von Zellen fördern, die den VEGF 

(vascular endothelial groth factor)-Level im Lymphknoten erhöhen und so die Zellteilung der 

Endothelzellen stimulieren. Die Vermehrung der Endothelzellen bewirkt eine zunehmende 

Einwanderung von Zellen in den Lymphknoten. Zusätzlich fördert das erweiterte 

Gefäßsystem die Zufuhr von Sauerstoff und Nährstoffen, die für den Stoffwechsel des 

wachsenden Lymphknotens benötigt werden. Dies zeigt, dass mDC nicht nur die Aufgabe 

haben Antigen zu präsentieren, sondern weiterführend auch dafür zuständig sind, eine 

optimale Umgebung für die darauf folgende Immunantwort zu schaffen. 

 

2.3.5 Die Zellzahl der Lymphknoten ist abhängig von der Einwanderung 

dendritischer Zellen 
Auch in der vorliegenden Arbeit konnte beobachtet werden, dass nach der subkutanen 

Injektion von mDC die Anzahl der HEV im Lymphknoten und die Anzahl der 

eingewanderten T-Zellen in den Lymphknoten massiv angestiegen war. Wurden jedoch 

dendritische Zellen in CCR7-/- Mäuse transferiert und die Einwanderung von T-Zellen in den 

Lymphknoten untersucht, war die Anzahl der eingewanderten T-Zellen gegenüber der 

Kontrolle mit PBS nahezu gleich niedrig. Daraus lässt sich schließen, dass es nicht ausreicht, 
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wenn mDC im Lymphknoten vorhanden sind, um eine Einwanderung von T-Zellen zu 

ermöglichen. Vielmehr ist die Expression von CCR7 auf den T-Zellen weiterhin notwendig, 

damit die Zellen in den Lymphknoten einwandern können. 

Des Weiteren ist eine deutliche Abhängigkeit der Größe des Lymphknoten von der Anzahl 

der mDC in Lymphknoten zu erkennen, wie sie auch schon von Webster et al. beschrieben 

wurde (83). Je mehr mDC nach der Injektion in den Lymphknoten eingewanderten, desto 

höher war die Zellzahl des Lymphknotens. Daraus lässt sich ableiten, dass, wenn die Anzahl 

der mDC in den Lymphknoten durch das Fehlen des Chemokinrezeptors CCR7 auf den mDC 

reduziert ist, sich in direkter Korrelation dazu auch weniger T-Zellen im Lymphknoten 

finden, und er damit vergleichsweise kleiner ist. 

Die Injektion von in vitro differenzierten mDC spiegelt jedoch nicht die steady state Situation 

im Körper wider. 

Um die Abhängigkeit der T-Zellmigration von der Anwesenheit der mDC im Lymphknoten 

unter nichtentzündlichen Bedingungen zu untersuchen, wurden T-CCR7ki/Rag2-/- Chimären 

hergestellt, indem T-CCR7ki Mäusen, nach der Bestrahlung, zu gleichen Anteilen 

Knochenmarkszellen von T-CCR7ki Mäusen und Rag2-/- Mäusen injiziert wurde. In Rag-

defizienten Mäusen kommt es aufgrund einer Störung bei der Umordnung der 

Antigenrezeptorgene zu einem Anhalten der Lymphozytenentwicklung, was zu einem Fehlen 

von B- und T- Lymphozyten führt (84). Die generierten Chimären konnten aufgrund der 

Rag2-/- Knochenmarkszellen wieder dendritische Zellen bilden, die CCR7 exprimieren. Durch 

das Knochenmark der T-CCR7ki Mäuse war weiterhin garantiert, dass ansonsten nur T-Zellen 

CCR7 exprimieren. 

Die Analyse dieser Chimären ergab in den mikroskopischen und durchflusszytometrischen 

Analysen eine deutliche Füllung der T-Zellzone, verglichen mit unbehandelten T-CCR7ki 

Tieren. Dies zeigt deutlich, dass mDC auch unter nicht-inflammatorischen Bedingungen eine 

wichtige Rolle bei der Einwanderung von T-Zellen in den Lymphknoten haben. 

 

2.3.6 Das Chemokin CCL21 hält T-Zellen im Lymphknoten zurück 
In weiteren Untersuchungen dieser Studie galt es zu klären, in welchem Zusammenhang 

dendritischen Zellen im Lymphknoten mit dessen Füllung mit T-Zellen stehen.  

Da bei einer Blockade der Einwanderung von T-Zellen in den Lymphknoten durch eine 

Behandlung mit Integrin-neutralisierenden Antikörper keine weiteren Zellen in den 

Lymphknoten einwandern können, ist es möglich, die Verweildauer der T-Zellen im 

Lymphknoten zu messen. Im Detail wurde bei behandelten und unbehandelten Wildtyp 

Mäusen nach dem Transfer von floureszenzmarkierten T-Zellen zu einem definierten 
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Zeitpunkt nach der Antikörperbehandlung die Anzahl der noch vorhandenen markierten T-

Zellen gemessen. Es war kein Unterschied in der Anzahl der ansässigen T-Zellen zu 

erkennen. Anders war es in den Lymphknoten Antigen-behandelter T-huCCR7ki Mäuse. In 

ihnen hatte sich die Anzahl der T-Zellen in der gleichen Zeit massiv reduziert.  

Gleichzeitig zeigte sich, dass in T-huCCR7ki Mäusen weniger CCL21 im Lymphknoten 

vorhanden war. Die niedrige CCL21-Konzentration im Lymphknoten würde erklären, warum 

die T-Zellen in T-huCCR7ki Mäusen nicht im Lymphknoten zurückgehalten werden können. 

Eine mögliche Erklärung für die geringe CCL21-Konzentration in diesen Tieren liefert die 

Arbeit von Friedmann et al. Sie konnten zeigen, dass die mDC der T-Zellzone das dort in 

großen Mengen vorhandene CCL21 aufnehmen und präsentieren. Dies beeinflusst die 

Beweglichkeit und die Reaktivität der T-Zellen maßgeblich. Durch das von der dendritischen 

Zelle gebundenen CCL21 werden die T-Zellen für eine gewisse Zeitspanne von ihnen 

eingefangen. Dies ermöglicht den T-Zellen einerseits  ein ausführliches Absuchen der näheren 

Umgebung. Andererseits erhöht sich die Wahrscheinlichkeit einer Antigen-abhängigen 

Interaktion der T-Zellen mit umgebenden mDC (85). 

Durch die oben beschriebenen Untersuchungen lässt sich ein Bild davon zeichnen, welchen 

Einfluss der Chemokinrezeptor CCR7 auf das Migrationverhalten von T-Zellen nimmt. 

Zum einen bestätigt sich durch diese und andere Studien, dass durch die CCR7-gesteuerte 

Einwanderung von mDC in den Lymphknoten eine vermehrte Proliferation der 

Endothelzellen der HEV ausgelöst wird. Befinden sich mehr HEV im Lymphknoten, können 

dadurch mehr T-Zellen einwandern, was den Lymphknoten füllt (83).  

Zum anderen bedingt die An- oder Abwesenheit von dendritischen Zellen die Verschiebung 

des sensiblen Gleichgewichts von Ein- und Auswanderung der T-Zellen. 

Lymphozyten wandern, getrieben durch die Expression des Cemokinrezeptors CCR7, in den 

Lymphknoten ein (26). Dort geben unter anderem die Interleukine IL-2 und IL-4 den 

Stimulus zur Proliferation der Zellen. Im Gegenzug stirbt ein Teil der eingewanderten Zellen 

durch Apoptose. Wie bereits in Abschnitt 1.2.2 beschrieben, wird das Chemokin CCL21 von 

den Stromazellen der T-Zellzone gebildet (22). Anschließend wird es von den dort ansässigen 

mDC gebunden und präsentiert und hält dadurch die T-Zellen im Lymphknoten zurück (46). 

S1P1 dagegen induziert die Auswanderung der Zellen aus dem Lymphknoten heraus (86). 

Nach etwa vier Zellteilungszyklen verlieren die Zellen ihr CCR7 und regulieren stattdessen 

S1P1 herauf. Dies stellt sicher, dass die neu generierten Effektor-T-Zellen nicht weiterhin den 

Lymphknoten nach Antigen absuchen, sondern ihn schnell verlassen, um zum Infektionsherd 

zu wandern.  
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Durch das Zusammenspiel dieser Faktoren kommt es im Lymphknoten zu einem 

Gleichgewichtszustand (Abb. 4). Lässt man die proliferierenden und sterbenden Zellen in 

diesem Zusammenhang außer Acht, wandern genau so viele Zellen in den Lymphknoten ein, 

wie ihn zur gleichen Zeit auch wieder verlassen. Das System ist ausgeglichen und der 

Lymphknoten stagniert in seiner Größe.  

Durch das Fehlen des Chemokinrezeptors CCR7 auf den dendritischen Zellen wird dieser 

Gleichgewichtszustand jedoch verschoben. Die mDC können ihrerseits nicht in den 

Lymphknoten gelangen. Dadurch sind sie nicht in der Lage, das durch die dort ansässigen 

Stromazellen gebildete CCL21 zu binden. Dies hat zur Folge, dass das CCL21 mit der 

efferenten Lymphflüssigkeit aus dem Lymphknoten herausgespült wird, so dass die CCL21-

Konzentration sinkt. 

T-Zellen, die in den Lymphknoten eingewandert sind, werden dort nicht mehr durch das an 

mDC gekoppelte CCL21 zurückgehalten und verlassen ihn, bedingt durch S1P1, schneller als 

neue T-Zellen einwandern können. Der Lymphknoten beginnt zu schrumpfen. 

Durch die Applikation von dendritischen Zellen in dieses System, ist es möglich, den 

Gleichgewichtszustand wiederherzustellen. Die mDC gelangen in den Lymphknoten und 

können dort das empfindliche Zusammenspiel der Gegenspieler CCL21 und S1P1 

ausgleichen, indem die T-Zellen durch das an die mDC-gebundene CCL21 im Lymphknoten 

zurückgehalten werden. CCR7 steuert die Homöostase der T-Zellen nicht allein durch den 

direkten Effekt auf die T-Zellmigration,  sondern auch indirekt über die homöostatische DC-

Migration. 

Zusammenfassend lässt sich sagen, dass durch die generierte T-huCCR7ki Maus eine 

Vielzahl neuer Einblicke in die CCR7-gesteuerte Homöostase von T-Lymphozyten 

ermöglicht wurde.  
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Abbildung 4: Schematische Darstellung der Faktoren, die die Immigration und Emigration der T-

Zellen im Lymphknotens kontrollieren. Lymphozyten exprimieren CCR7 und gelangen über die HEV 

in den Lymphknoten. Dort beginnt ein Teil, bedingt durch Interleukine wie IL-2 und IL-4, zu 

proliferieren. Ein anderer Teil der Zellen geht in die Apoptose, da er beispielsweise körpereigene 

Antigene erkennt. Auch mDC wandern CCR7-abhängig über die afferente Lymphe in den Lymknoten 

ein. Dort binden sie das von den Stromazellen gebildete CC21. Das Chemokin CCL21 wirkt auf die 

Lymphozyten und hält sie im Lymphknoten zurück, während S1P1 die Zellen zur Akkumulation im 

Marksinus anhält und ihre Auswanderung aus dem Lymphknoten einleitet. Sinkt die CCR7-

Expression der Lymphozyten unter einen bestimmten Schwellenwert, überwiegt das Signal des S1P1 

und die Zellen verlassen den Lymphknoten.  
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2.3.7 Ausblick 

Das Cre/LoxP-System der STOP-huCCR7 bietet vielfältige Möglichkeiten noch weitere 

konditionale Knock-in Mäuse herzustellen und zu untersuchen. Dabei kann auf 

unterschiedlichen Zelllinien die Funktion des Chemokinrezeptors CCR7 wieder hergestellt 

werden, während alle anderen Zellen des Organismus CCR7-defizient bleiben. 

Für solche Experimente steht eine Vielzahl von unterschiedlichen Cre-Mäusen zur 

Verfügung. Dies bietet die Möglichkeit, die Funktion von CCR7 auf B-Zellen zu untersuchen. 

Für diese Anwendung können die STOP-huCCR7 Mäuse mit CD19-Cre Mäusen (87) oder 

mb1-Cre Mäusen (88) verpaart werden. In beiden Fällen wird die Cre-Rekombinase B-Zell-

spezifisch exprimiert, so dass die Funktion von CCR7 auf B-Zellen wieder hergestellt wird. 

Eine weitere Option ist die Verpaarung der STOP-huCCR7 Tiere mit DC-spezifischen Cre-

Deleter-Mäusen. Dabei gibt es zum einen mx1-Cre Mäuse (89), die die Cre-Rekombinase 

nach Applikation von Interferon exprimieren, zum anderen bieten sich CD11c-Cre Mäuse 

(90) an. In beiden Fällen würde es nach einer Verpaarung mit STOP-huCCR7 Mäusen zu 

einer Expression von CCR7 auf dendritischen Zellen kommen. 
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Abstract

 

Humoral immunity in the gut-associated lymphoid tissue is characterized by the production of
immunoglobulin A (IgA) by antibody-secreting plasma cells (PCs) in the lamina propria. The
chemokine CCL25 is expressed by intestinal epithelial cells and is capable of inducing chemo-
taxis of IgA

 

�

 

 PCs in vitro. Using a newly generated monoclonal antibody against murine
CCR9, we show that IgA

 

�

 

 PCs express high levels of CCR9 in the mesenteric lymph node
(MLN) and Peyer’s patches (PPs), but down-regulate CCR9 once they are located in the small
intestine. In CCR9-deficient mice, IgA

 

�

 

 PCs are substantially reduced in number in the lamina
propria of the small intestine. In adoptive transfer experiments, CCR9-deficient IgA

 

�

 

 PCs
show reduced migration into the small intestine compared with wild-type controls. Further-
more, CCR9 mutants fail to mount a regular IgA response to an orally administered antigen,
although the architecture and cell type composition of PPs and MLN are unaffected and are
functional for the generation of IgA PCs. These findings provide profound in vivo evidence
that CCL25/CCR9 guides PCs into the small intestine.

Key words: gut • IgA • lamina propria • CCL25 • cell trafficking

 

Introduction

 

The gut acts as the port of entry for a vast array of foreign
antigens, including food components, but also potentially
harmful pathogens. A first line of defense against these antigens
is built by neutralizing immunoglobulins directed against
pathogens or toxins (1). For this purpose, antibody-secreting
plasma cells (PCs) of the lamina propria produce dimeric
IgA that is transported into the gut lumen by transcytosis
and bound to the mucus overlying the intestinal epithelium.

In the intestine, antigens are sampled by DCs located in
the epithelium or by specialized epithelia overlying Peyer’s
patches (PPs). In these follicle-associated epithelia, micro-
fold cells nonspecifically sample antigens from the gut lumen
and transport them to professional antigen-presenting cells
located in the subepithelial dome (SED; reference 2). To
elicit an immune response, these cells migrate into either
the adjacent interfollicular T cell zone, the B cell–rich follicles

of PPs, or even into the draining mesenteric lymph node
(MLN) to activate lymphocytes (3, 4). Some of the acti-
vated B cells start to proliferate and generate germinal
centers within PPs or MLN, which have been identified as
the places where affinity maturation and probably isotype
switch from IgM to IgA occurs. However, more recently it
has been shown that isotype switch of B220

 

�

 

 IgM

 

�

 

 cells at
least in part occurs in the lamina propria under the influence
of local stimuli (5). Most of the fully differentiated B cells
leave PPs and MLN and migrate via the lymphatics and the
thoracic duct into the blood and from there to the lamina
propria of the small intestine.

It has been proposed that signaling through the chemokine
receptor CCR9 might be an important factor that targets
cells to the intestine (6, 7). The CCR9 ligand CCL25/
TECK is expressed by epithelial cells of the small, but not
the large, intestine. CCR9 is expressed on virtually all small
intestinal T cells, and murine IgA-producing PCs from the
spleen, PPs, and MLN have been shown to migrate toward
CCL25 and CXCL12, a ligand for CXCR4 in vitro (8–10).
Notably, PCs of IgG or IgM isotype do not respond to
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CCL25 but migrate toward CXCL12 and CXCL9 (9, 11,
12), suggesting that the differential expression of chemokine
receptors targets PCs to their final destination depending on
the isotype of immunoglobulins they produce. Further-
more, during the course of a memory response, CXCR3
and CXCR4 have been implicated in guiding plasma blasts
to inflamed tissues or to the bone marrow, respectively (13).
In this report, we provide in vivo evidence that CCR9 is
crucial for the positioning of PCs to the small intestine.

 

Materials and Methods

 

Isolation of Lamina Propria Cells (LPCs) and Flow Cytometry.

 

Animals were bred at the animal facility of Hannover Medical
School under specific pathogen-free conditions. CCR9-deficient
mice have been described previously (14). In this analysis,
CCR9-deficient mice and littermates of a mixed genetic back-
ground were used. 8–10-wk-old animals were killed, and LPCs
were isolated using standard procedures.

Cells were stained using the following antibodies: anti-CD3-
PE (Caltag), IgA-biotin, CD19-biotin (Biosource International),
CD138-PE, B220-PerCP, IgM, and IgD (BD Biosciences). To
stain cytoplasmatic IgA, cells were fixed for 20 min in 2% PFA in
PBS on ice, washed, and resuspended for 20 min in 0.1% saponin
in PBS.

 

Generation of Monoclonal CCR9 Antibody.

 

A peptide compris-
ing amino acids 3–22 of mouse CCR9 was synthesized and cou-
pled to KLH or OVA. Rats were immunized subcutaneously and
intraperitoneally with a mixture of 50 

 

�

 

g peptide-KLH, 5 nmol
CPG oligonucleotide (Tib Molbiol), 500 

 

�

 

l PBS and 500 

 

�

 

l IFA
as described previously (15). Supernatants were tested by a differ-
ential ELISA and analyzed by flow cytometry using thymocytes
derived from wild-type and CCR9-deficient mice.

 

Immunofluorescence.

 

Immunohistological analysis of adult PPs
and MLN was done on cryosections as described previously (16).
For detection of CXCR4 (clone 2B11) and CCR9 (clone 7E7,
IgG2b), sections were blocked with mouse serum, incubated
with hybridoma supernatants, and detected using mouse anti–rat
Cy3 antibodies (Jackson ImmunoResearch Laboratories).

 

In Vivo Migration of BrdU-labeled Cells.

 

To label proliferating
cells in vivo, wild-type and CCR9-deficient animals were in-
jected intraperitoneally with 120 mg/kg BrdU (Sigma-Aldrich) in
PBS 1 h before killing. Cells were isolated from MLN and PPs,
and a total of 10

 

8

 

 cells was injected intravenously into wild-type
recipients. After 16 h, mice were killed, and the small intestine
was embedded in paraffin using standard procedures. Sections
were dewaxed, and BrdU-incorporated cells were detected using
the BrdU staining kit (Oncogene Research Products) and Cy3-
tyramid (NEN Life Science Products). IgA

 

�

 

 cells were identified
using anti-IgA FITC antibody (Caltag).

 

Oral OVA Immunizations and Serum Ig Analysis.

 

ELISA as-
says for total serum Ig levels were performed as described previ-
ously (16). Biotinylated anti-Ig antibodies were purchased from
BD Biosciences (anti-IgM, anti-IgG1, anti-IgG2a, anti-IgG2b,
and anti-IgG3) and Biosource International (anti-IgA).

10 mice per genotype were gavaged with 2.5 mg OVA and 10

 

�

 

g cholera toxin (CT) six times at 10-d intervals. For detection
of OVA-specific IgA and IgM antibodies, plates were coated
overnight with 5 

 

�

 

g/ml OVA, and appropriate dilutions of se-
rum samples were added (1:100–1:6,400). Anti–IgA-biotin and
anti–IgM-biotin followed by streptavidin-peroxidase and 5-thio-
2-nitrobenzoic acid were used for detection.

 

Results and Discussion

 

IgA

 

�

 

 PCs Express CCR9 Abundantly in Secondary Lym-
phoid Organs but Not the Small Intestine.

 

It has been sug-
gested that the interaction of CCL25 with CCR9 might
play an important role in the establishment of an IgA

 

�

 

 PC
pool in the small intestine. Therefore, we characterized the
expression of CCR9 on PCs in different organs with a
newly generated monoclonal antibody against CCR9. The
antibody displayed high levels of CCR9 on wild-type thy-
mocytes but not on thymocytes derived from CCR9-defi-
cient mice (Fig. 1 A).

In cell preparations isolated from the LPCs of wild-type
mice, two distinct populations of cells can be distinguished
based on size and granularity. Small LPCs are predomi-
nantly CD3

 

�

 

 lamina propria lymphocytes, whereas large
LPCs heavily stain with anti-IgA mAb after permeabiliza-
tion (unpublished data). Additionally, the majority these
cells show a CD138

 

�

 

, IgD

 

�

 

, IgM

 

�

 

, and CD19

 

�

 

 surface
phenotype and, thus, can be defined as lamina propria PCs
(unpublished data). CCR9 could be detected on most lam-
ina propria lymphocytes (Fig. 1 B), but more importantly,
only 

 

�

 

5% of all lamina propria PCs are CCR9

 

�

 

 (Fig. 1 C).
These observations were confirmed applying the CCR9

mAb in immunohistology. In contrast to IgA

 

�

 

 cells of
MLN and PPs, which showed high levels of CCR9 (Fig. 1
D and not depicted), the majority of IgA

 

�

 

 PCs of the small
intestine showed weak or undetectable staining with the
anti-CCR9 mAb (Fig. 1 E; compare with staining inten-
sity shown in Fig. 1 D). In addition, cells staining positive
for CCR9 seem to represent T cells (Fig. 1 E). Interest-
ingly, another chemokine receptor, CXCR4, was readily
detectable on all IgA

 

�

 

 PCs of all lymphoid organs exam-
ined, including PPs, MLN, and the small intestine (Fig. 1
F and not depicted). Because IgA

 

�

 

 PCs are known to
readily leave the place where they have been generated
(i.e., the secondary lymphoid organs), high expression of
CCR9 appears to be specific for newly generated PCs,
whereas this receptor becomes down-regulated once these
cells reached their final destination. These data suggest that
high levels of CCR9 are required for the homing of newly
generated IgA

 

�

 

 PCs to the intestine, whereas this receptor
seems to be dispensable for retaining PCs within this com-
partment. Because CXCR4 remains expressed on resident
IgA

 

�

 

 PCs within the intestine, it seems possible that
CXCR4 participates in this process. Indeed, data derived
from CXCR4-deficient mice suggest a role for this che-
mokine receptor in retaining PCs within lymphoid organs
such as bone marrow (11).

 

Reduced Numbers of PCs in the Intestinal Lamina Propria of
CCR9 Mutant Mice.

 

Based on these findings, we com-
pared the PC populations of wild-type and CCR9 mutant
mice by counting the number of IgA

 

�

 

 PCs on cryosec-
tions of the small intestine (Fig. 2, A and B). In this paper,
only villi were counted that were cut (judged on the anal-
ysis of serial sections) through the core of the villus. In
wild-type animals, an average of 20.6 

 

�

 

 1.2 (mean 

 

�

 

SEM) IgA

 

�

 

 cells per villus section was found. In contrast,
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in CCR9 mutant mice, the number of PCs per villus sec-
tion was severely reduced to 11 

 

�

 

 1.1 (mean 

 

�

 

 SEM)
cells per villus section (Fig. 2 C). As an internal control,
the number of IgA

 

�

 

 DAPI

 

�

 

 LPCs was determined on the
same sections, revealing that CCR9 deficiency does not
affect cell types other than IgA

 

�

 

 PCs in this compartment
(Fig. 2 C, 19 

 

�

 

 0.9 cells vs. 22 

 

�

 

 1.6 cells). These results
could also be confirmed by flow cytometry on permeabi-
lized LPCs using an anti-IgA mAb that revealed a reduc-

tion of IgA

 

�

 

 PC numbers by 

 

�

 

50% in CCR9 mutants
(unpublished data).

Because it has been suggested that isotype switch can
take place in the lamina propria (5), we also used antibodies
specific for other immunoglobulin isotypes to detect differ-
ences between wild-type and CCR9 mutant mice. How-
ever, immunohistology for IgM and IgG did not reveal any
significant differences between both strains (unpublished
data), rendering it unlikely that impaired local isotype
switching accounts for the reduced number of IgA-positive
cells in CCR9 mutants. Furthermore, the phenotype of the
residual PC population in CCR9 mutants as determined by
expression of surface antigens (CD138, CD19, B220, IgA,
IgM, and IgD) was indistinguishable from that of wild-type
PCs, suggesting that loss of CCR9 does not affect the dif-
ferentiation of PCs.

Interestingly, in wild-type mice, most of the PCs locate
to the lower half of the villus (Fig. 2 C), which is the re-
gion where peak levels of CCL25 expression by the abut-
ting epithelial cells have been described previously (8), fur-
ther supporting the hypothesis that CCL25 signaling via
CCR9 contributes considerably to the efficient homing to
the small intestine. Most notably, no differences in the
number of IgA

 

�

 

 PCs were identified in the large intestine
of CCR9 mutants (wild type: 1 PC/4699 

 

�

 

 255 

 

�

 

m

 

2

 

;
CCR9 deficient: 1 PC/4832 

 

�

 

 331 

 

�

 

m

 

2

 

; 

 

n

 

 

 

� 

 

5 animals
for each group). This observation is also in line with the re-
ported absence of CCL25 in the large intestine (8).

 

Reduced Homing Capacity of CCR9-deficient IgA

 

�

 

 PCs.

 

More than two decades ago, McDermott et al. identified
proliferating cells in MLN and PPs, but not in peripheral
LN, that were able to migrate into mucosal tissues and give
rise to IgA-secreting cells (17). To directly address the
function of CCR9 in this process, we labeled proliferating
cells using BrdU and isolated them from MLN and PPs of
wild-type and CCR9-deficient mice. 10

 

8

 

 cells were in-
jected i.v. into wild-type recipients, and after 16 h, the

Figure 1. CCR9 is expressed on all IgA� PCs in MLN but on few lamina
propria PCs. (A–C) Cells isolated from thymus (A) and small intestinal
lamina propria (B and C) of wild-type mice (solid line) and CCR9-deficient
animals (dashed line) were stained using a CCR9-specific monoclonal
antibody or an isotype control (shaded area). The histograms shown in B
were obtained by gating on small LPCs, whereas data shown in C were
obtained from large LPCs. (D–F) Three color immunohistology. Sections
of MLN (D) and small intestine (E and F) from wild-type mice were
stained with anti-CCR9 (D� and E�, red) or anti-CXCR4 (F�, red). Sections
were further stained with anti-IgA (D–F, green) and anti-CD3 (D’–F�,
blue). The three colors obtained from single sections have been separated
as depicted. Arrows indicate the position of IgA� PCs.

Figure 2. CCR9 mutant intestines harbor reduced numbers of IgA�

PC. Cryosections through the small intestine of wild-type (A) and
CCR9-targeted mice (B) were stained for IgA (red), CD3 (green), and
nuclei (blue). Unaltered numbers of IgA� cells were present in the lamina
propria of wild-type and CCR9 mutant animals, whereas numbers of
IgA� cells were reduced in CCR9 mutants (C, ***, P � 0.001; data were
derived from five wild type and five mutants analyzing 60 villi each).
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numbers of BrdU

 

�

 

 IgA

 

�

 

 PCs in the small intestine had
been determined. Interestingly, PCs from wild-type mice
were threefold more efficient in migrating into the small
intestine compared with cells derived from CCR9-defi-
cient mice (Fig. 3 A). These results contributed further
weight to the idea that CCR9 is required for efficient mi-
gration of newly formed PCs into the small intestine.

 

CCR9-deficient Mice Do Not Mount a Proper Immune
Response to Oral Antigens.

 

To test whether the reduced
number of IgA-secreting PCs observed in the intestine of
CCR9 mutants and the reduced migration efficiency of
IgA

 

�

 

 PCs are paralleled by reduced serum IgA levels, we
analyzed the amount of serum Ig in wild-type and CCR9
mutant mice. CCR9-deficient and wild-type mice were
not found to differ significantly with regard to normal se-
rum levels of any immunoglobulin isotypes tested (IgG1,
IgG2a, IgG2b, IgG3, IgM, and IgA), indicating that CCR9
is dispensable for systemic immunoglobulin production
(unpublished data).

Although the total amount of serum IgA was found to be
unchanged between wild-type and mutant mice, we were
interested to know whether differences exist between CCR9
mutants and wild-type mice in the induction of antigen-spe-
cific IgA response after oral immunization with a T cell–
dependent antigen. To this end, wild-type mice and CCR9
mutants were gavaged with 2.5 mg OVA and 10 

 

�

 

g CT at
10-d intervals. Serum levels of OVA-specific IgA were de-
termined 9 d after each single OVA application. In wild-type
animals, significant OVA-specific IgA levels were detectable
after three OVA applications that further increased after sub-
sequent applications of the antigen (Fig. 3 B). Interestingly,
in CCR9 mutants, a barely detectable increase in OVA-spe-
cific IgA titers could be determined within the period of time
analyzed, suggesting a severe impairment in the production
of OVA-specific IgA in these animals (Fig. 3 B).

 

Unaltered Architecture and Cell Composition of MLN and
PPs in CCR9-deficient Mice.

 

Because it is assumed that the
induction of an IgA-specific antibody response after oral
application of antigen plus CT requires antigen presenta-
tion within morphologically intact PPs and MLN, we fur-
ther analyzed both organs. We used immunohistology and
flow cytometry to identify possible alterations in cellular
composition or architecture of both organs in CCR9 mu-
tants that contained normal numbers of B and T cells, and
both cell types were located in their appropriate microen-
vironments. In addition, PPs contained normal numbers of
CD11c

 

�

 

, CD11b

 

�

 

, and CD11c

 

�

 

CD11b

 

�

 

 DCs (unpub-
lished data). Recently, it has been described that DCs of
the SED can be labeled and their path subsequently fol-
lowed using fluorescent latex beads (4). Because we found
CCR9-expressing cells, including DC within the SED
(unpublished data), we tested whether the mobilization of
DCs of the SED is affected in CCR9 mutants. Wild-type
and CCR9-deficient mice were deprived of water and
food for 4 h and subsequently gavaged with 10

 

12

 

 fluores-
cent latex beads (200 nm diameter; Polysciences) per ani-
mal. After 24 h, the mice were gavaged with 50 

 

�

 

g of CT.
After another 24 h, PPs and MLN were sectioned and
stained for CD11c and CD3 (Fig. 4, A–D, PPs only). In
wild type and CCR9 mutants, application of CT lead to
reduced numbers of CD11c

 

�

 

 cells (red) present in the SED
(Fig. 4, A–D). To quantify this effect, the absolute number
of fluorescent beads in the SED was counted in 20 PPs de-
rived from four wild type and four CCR9 mutants. In both
wild type and CCR9 mutants, CT administration triggers
an identical fivefold decrease of bead-labeled DCs localized
to the SED, suggesting that no differences in DC mobiliza-
tion exist and that the activation of naive B cells should
proceed normally in these CCR9

 

�

 

/

 

�

 

 organs (unpublished
data). Indeed, analysis of cryosections from MLN of wild-
type and mutant mice that were immunized five times with
OVA and CT revealed comparable numbers of IgA

 

�

 

 PCs
in both strains (Fig. 4, E and F). Furthermore, in wild type
and mutants likewise, the total numbers of IgA

 

�

 

 PCs
strongly increased after immunization in comparison to
nonimmunized mice (unpublished data) strongly support-
ing the idea that the generation of IgA PCs is not affected
by CCR9 deficiency.

The data provided in the present work demonstrate that
CCR9-deficient mice possess reduced numbers of IgA-
secreting PCs within the lamina propria, an observation
that correlates well with the reduced migration efficiency
of CCR9-deficient PCs into the small intestine and the in-
ability of these animals to mount a T-dependent antigen-
specific IgA response after oral application of antigen.

One hypothesis accounting for these defects would pos-
tulate the existence of a rather uniform PC population in-
side the small intestine. In this scenario, freshly generated
plasma blasts that express high levels of CCR9 gain effi-
cient entry into the intestinal lamina propria by CCL25-
mediated signaling, whereas the residual PC population in
CCR9-deficient mice would enter the lamina propria in-

Figure 3. CCR9 mutant PCs show an impaired migration into the
small intestine. (A) 16 h after adoptive transfer of BrdU-labeled cells iso-
lated from MLN and PP of wild-type and CCR9 mutant mice, the number
of BrdU� IgA� cells per villus was determined (*, P � 0.05; data were
derived from three recipients of each group analyzing 60 villi each).
CCR9 mutant mice show a reduced humoral IgA response. (B) Groups
of 10 CCR9 mutants (solid line) and control animals (dashed line) were
each gavaged with OVA and CT at 10-d intervals, and serum levels of
OVA-specific IgA were measured. In contrast to wild-type animals showing
a robust increase of OVA-specific IgA levels, CCR9 mutants barely
produced OVA-specific IgAs.
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dependent of CCR9, probably by a time-consuming and
inefficient bypass mechanism.

Alternatively, dependence on CCR9 signaling might re-
flect the different developmental fate and origin of PCs
populating the small intestine. It has been suggested that be-
sides conventional B2 cells, B1 cells from the peritoneal
cavity can give rise to lamina propria IgA

 

�

 

 PCs (18). How-
ever, this issue remains discussed controversially because in-
testinal IgA production in conventionally reared animals (as
performed in this work) has been shown to be the source of
almost exclusively B2, but not B1, cells (19). Unfortunately,
available immunological tools would not allow dissection of
B1 and B2 cell–derived PCs once they settled the lamina

propria. Interestingly, intraperitoneal immunization with T
cell–independent antigen results in a normal antigen-spe-
cific IgM response in CCR9 mutants, suggesting that B1
cell function per se is not affected in these animals (unpub-
lished data). Thus, a more likely explanation for the de-
crease of IgA

 

�

 

 PCs in CCR9 mutants is the less efficient re-
cruitment of B2 cell–derived PCs into the lamina propria in
the absence of CCR9 signaling. This idea is consistent with
a strongly reduced IgA response in orally immunized mice
assuming that antigen-specific PCs are generated in CCR9
mutants but fail to reach a compartment that supports secre-
tion and long-term survival of these cells.

In any case, CCR9-independent chemokine receptor
signaling would be required to guide the remaining PCs
into the lamina propria in CCR9-deficient mice, resulting
in serum and fecal IgA levels that do not significantly differ
from those present in wild-type animals (unpublished data).
Indeed, surface expression of CXCR4 can be detected on
IgA

 

�

 

 PCs (Fig. 1 F) consistent with the responsiveness of
these cells to CXCL12 in in vitro migration assays (9). Fur-
thermore, in humans, CCR10 has been documented in
PCs, including intestinal IgA

 

�

 

-secreting PCs (20), and we
were able to detect CCR10 expression in mouse PCs using
a CCL27-IgG

 

1

 

 fusion protein (unpublished data) suggesting
that CCR9 and CCR10 might cooperate in directing PCs
into the small intestine in mice. In conclusion, our findings
represent the first in vivo evidence that CCR9 is critical for
the homing of IgA-secreting PCs to the small intestine.
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Small intestine plasmacytoid dendritic cells (pDC) are poorly char-
acterized. Here, we demonstrate that intestinal pDC show the
characteristic plasma cell-like morphology, and are recognized by
antibodies against B220, Ly6c, 120G8, and PDCA-1, markers that are
typically expressed by pDC. Furthermore, intestinal pDC carry high
levels of CCR9 and are largely absent in the intestine, but not in
lung, liver, or secondary lymphoid organs of CCR9-deficient ani-
mals. Competitive adoptive transfers reveal that CCR9-deficient
pDC are impaired in homing to the small intestine after i.v. transfer.
In a model of cholera toxin-induced gut inflammation, pDC are
recruited to the intestine in WT but not CCR9-deficient animals.
Furthermore, after oral application of a Toll-like receptor (TLR) 7/8
ligand, myeloid DC of the lamina propria are rapidly mobilized in
WT but not in CCR9-deficient animals. Mobilization of myeloid DC
can be completely rescued by adoptively transferred WT pDC to
CCR9-deficient mice before oral challenge. Together, our data
reveal an essential role for CCR9 in the homing of pDC to the
intestine under homeostatic and inflammatory conditions and
demonstrate an important role for intestinal pDC for the rapid
mobilization of lamina propria DC.

chemokine receptor � gut � dendritic cell migration � Toll-like receptor 7 �
cell mobilization

Among the different dendritic cell (DC) subsets described, a
population of cells has been identified possessing a distinct

morphology and secreting large amounts of type I IFN after viral
infection (1) or triggering through Toll-like receptors (TLR) 7 or
9. This subpopulation has gained much attention recently,
because it is believed that these cells link innate and adaptive
immunity (2). Based on their morphology, some have termed
these cells plasmacytoid DC (pDC; ref. 3), whereas others have
referred to them as natural IFN-producing cells (IPC; ref. 4). In
mice, pDC are CD11cintB220�Ly6C� (3) and, after activation,
up-regulate MHC class II and costimulatory molecules (4). pDC
are continuously produced in the bone marrow (BM), and
fms-like tyrosine kinase3 ligand (Flt3L) has been identified as an
important growth and differentiation factor for these cells (5, 6).
Some have suggested that pDC, like naive B and T cells, may
constitutively migrate from blood to noninflamed lymphoid
organs via high endothelial venules (3, 7), whereas others have
proposed that circulating pDC are preferentially recruited to
inflamed lymph nodes (8, 9). In this model, L- and E-selectin
mediate rolling of pDC on inflamed endothelium whereas firm
attachment of pDC to the vessel wall is mediated by �1 and �2
integrins. pDC express both inflammatory and homeostatic
chemokine receptors: CXCR3, CCR2, and CCR5, which all bind
inflammatory chemokines, and CXCR4 and CCR7, which bind
the constitutive chemokines CXCL12 and CCL19/CCL21, re-
spectively. Although each of these chemokine receptors is
capable of mediating chemotactic response of pDC in vitro, there
is evidence that only CXCR3 (8–10) or CCR5 (7) is able to fulfill
this task at the inflamed lymph node (LN) vessel in vivo. In

contrast to the scenario described for inflamed LN there is
currently virtually no information available regarding the role of
chemokines in homing of pDC to nonlymphoid tissues such as
mucosal tissues.

In the present study, we reveal a role for intestinal pDC in the
rapid mobilization of lamina propria (LP) myeloid DC and show
that the chemokine receptor CCR9 controls the migration of
pDC to the small intestine under both steady-state and inflam-
matory conditions.

Results
Characterization of Plasmacytoid Dendritic Cells of the Small Intes-
tine. We applied standard procedures to isolate immune cells
located in the epithelium (intraepithelial, IE) and the LP from
the intestine. In both cell preparations we found a distinct
population of CD11c�B220�Ly6C� cells that accounted for up
to 1% of all cells. In contrast to pDC, myeloid (m)DC
(CD11c�MHCII�CD3�B220�Ly6C�) were present only at very
low numbers in the IE preparation (Fig. 1A). Both pDC of the
LP and IE preparation showed low levels of surface MHC class
II expression (Fig. 1 A). Further analysis revealed that
CD11c�B220�Ly6C� cells of both preparations uniformly ex-
press the pDC markers PDCA1 as well as 120G8 (Fig. 1B).
Cytospins from sorted pDC (CD11c�B220�Ly6C�) and myeloid
DC (mDC) of the IE preparation revealed a round and smooth,
plasma cell-like morphology of pDC, whereas mDC showed the
characteristic dendrites (Fig. 1C). To further characterize the
localization of pDC within the intestine we applied anti-B220,
anti-120G8, and anti-CD3 mAb in immunohistology. Micro-
graphs were randomly taken from sections and, as depicted
in Fig. 1D, the positioning of 120G8�B220�CD3� cells was
determined relative to epithelial cells by using image analysis
(analySIS; Olympus, Hamburg, Germany). Evaluating the posi-
tioning of �150 pDC we observed that 4.9% of these cells were
clearly located within the epithelial cell layer whereas another
6.7% were situated within a distance of 5–10 �m from the apical
tip of the epithelial cells (Fig. 1D). These data demonstrate that
a certain amount of the pDC locate within or close to the
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intestinal epithelium, whereas �80% of the cells analyzed were
positioned at distances �15 �m, which renders them as LP cells
(Fig. 1D). Because similar numbers of pDC were present in the
IE and LP preparation following standard isolation procedures,
it is currently unclear whether pDC of the LP contaminate the
IE preparation or whether pDC locating to the epithelium are
more efficiently isolated. Because we hardly find any mDC
within the IE preparation we favor the latter possibility. Yet it
remains to be determined whether both populations serve
different functions or belong to a common cell population.
Because pDC of the IE preparation, in contrast to pDC of the
LP preparation, can be isolated by rather gentle procedures,
exclusively pDC of the IE preparation were used for functional
assays in this study.

CCR9 Expression on Intestinal pDC. To identify the molecular
mechanisms that allow the migration of pDC to the intestine, we

analyzed the expression of homing molecules. Although it is well
established that the integrin �E (CD103) mediates lymphocyte
adhesion to epithelial cells in the intestine, we failed to identify
expression of this integrin on intestinal pDC. Similarly, CCR7
(Fig. 1E), essentially involved in homing of lymphocytes into
peripheral lymphoid organs is not expressed by pDC of the
intestine. In contrast, we observed high levels of CD18 (�2-
integrin) and intermediate levels of �4�7 whereas �50% of pDC
express P-selectin ligands (Fig. 1E). Of interest, the vast majority
of intestinal pDC expressed high amounts of the chemokine
receptor CCR9 (Fig. 1E), whereas mDC of the LP expressed no,
or low levels of CCR9 [supporting information (SI) Fig. 6A].

CCR9 Expression of pDC Isolated from Different Lymphoid Organs.
Considering the uniform expression of CCR9 on intestinal pDC,
we analyzed expression of CCR9 on pDC isolated from second-

Fig. 1. Phenotype of plasmacytoid DC in the small intestine of mice. (A) Cells of the IE and LP preparation of the small intestine were stained with antibodies
specific for CD3, CD11c, B220, MHCII, and Ly6C. CD3� cells were analyzed for the expression of B220 and Ly6C (Left). The expression of MHCII and CD11c is shown
for Ly6C� B220� (blue box, Center) and Ly6C� cells (red box, Right). (B) Expression pDC-marker. pDC (CD11c�, B220�, and Ly6C�) of the IE and LP preparation
were stained for PDCA-1 or 120G8 (solid lines) or isotype controls (shaded area) as indicated. (C) Cytospins of flow sorted IE mDC and pDC were stained with H&E
(pDC: CD3�CD11c�B220�Ly6C�; mDC: CD3�CD11c�B220�Ly6C�). (Scale bars: 10 �m.) Representative data from one of two experiments are shown. (D) Cryostat
sections of the small intestinal villi were stained for nuclei (DAPI, white), B220 (blue), CD3 (green), and 120G8 (red). The yellow bar in the upper left micrograph
indicates how the positioning of pDC (120G8�B220�) relative to the epithelial layer was determined. (Top Right) Distance distribution of 150 pDC analyzed
relative to the epithelium. (Middle and Bottom) Examples of the positioning of individual pDC with distances as indicated. (Scale bars: 10 �m.) (E) Flow cytometric
analysis of pDC of the IE and LP preparation. Cells were stained with antibodies as indicated (solid lines) or isotype controls (shaded area) and gated on pDC
(CD11c�, B220�, and Ly6C�). Shown are representative data from four independent experiments with cells pooled from two to six mice each.
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ary lymphoid organs including spleen, skin-draining LN, mes-
enteric LN, and Peyer’s patches (PP; Fig. 2A) and used
CD4�CD8� thymocytes, known to express high levels of CCR9,
as a positive control (11); Fig. 2B). Interestingly, only a fraction
of pDC present in any of these organs expressed CCR9 (Fig. 2 A),
whereas �95% of pDC isolated from the BM carried this
receptor (Fig. 2C). Most BM pDC also express CCR5 and
CXCR3 whereas CCR2 is present on only roughly 25% of the
cells. CXCR4, known to retain cells to the BM, is only very
weakly expressed (Fig. 2C). Together, these data demonstrate
that pDC are equipped with various chemokine receptors before
being released from the BM. This feature presumably allows
homing not only to places of inflammation but also to the
noninflamed intestine.

Chemotaxis Analysis of Flt3L-Expanded pDC. Based on the strong
expression of CCR9 on BM and intestinal pDC, we compared the
migration capacity of pDC and mDC toward the chemokine
CCL25/TECK, which is the sole known ligand for this receptor
(12). The frequency of pDC varies between different mouse
strains and it is well known that, for example, C57BL/6 (B6) mice
harbor much less pDC than 129SV mice (13). However, irre-
spective of the genetic background the number of pDC that can
be isolated from mouse tissues is insufficient to conduct standard
in vitro chemotaxis assays. To overcome this limitation we
expanded the DC population in vivo by implanting a Flt3-L-
secreting tumor cell line (B16-FL) in B6 mice for 14 days (14).

During this time period, the percentage of CD11c� cells
present in the spleen increased from 3% to 30–35% (data not
shown). Eighty percent of the in vivo expanded pDC expressed
CCR9, with levels very similar to those present on BM pDC
(Figs. 2C and Fig. 4C) whereas in vivo expanded mDC expressed
only small amounts of this receptor (SI Fig. 6B). Spleen pDC
were enriched by CD11c� MACS-sorting, resulting in 95%
purity for CD11c� cells that contained �15% Ly6C�B220�

pDC. In vitro transwell migration assays revealed strong chemo-
tactic response of pDC to CCL25, as well as to CXCL9, a ligand
for CXCR3 and to CXCL12, which is a ligand for CXCR4. Only
a weak response was observed toward CCL19, which serves as a
ligand for CCR7. mDC showed little chemotactic response
toward CCL25 and CXCL9 and moderate response toward
CXCL12 and CCL19 (Fig. 3A).

Reduced Numbers of pDC in the Small Intestine of CCR9-Deficient
Mice. Based on these observations, we characterized the distri-
bution of pDC in CCR9-deficient mice. We found similar
percentages of pDC in lung and liver (SI Fig. 7) as well as in
inguinal and mesenteric lymph nodes whereas the number of
splenic pDC was slightly increased in CCR9�/� mice. In contrast,
we observed a �90% decrease of intestinal and a 50% reduction
of PP pDC (Fig. 3B).

pDC Preferentially Migrate to the Small Intestine. Based on the
findings described so far, it seemed likely that pDC require
CCR9 for homing to the small intestine. To prove this hypoth-
esis, we adoptively transferred cells from B6 and CCR9�/�

donors that carried a Flt3-L-secreting tumor for 14 days. Under
the influence of Flt3L pDC expanded to a similar extent in B6
and CCR9�/� mice (Fig. 4A and SI Fig. 8) and were indistin-
guishable regarding the expression of CCR2, CCR5, and CXCR3
whereas CCR9 was only detected on pDC derived from B6 but
not CCR9-deficient donors (Fig. 4C). Without further purifica-
tion, splenocytes of these donors were labeled with 5(6)-
carboxyfluorescein diacetate N-succinimidyl ester (CFSE) and
5(6)-carboxytetramethylrhodamine N-succinimidyl ester
(TAMRA) respectively. A mixture of WT and CCR9-deficient
cells, adjusted to contain equal numbers of pDC, was i.v.
transferred in B6 recipients. After 18 h of transfer, we first
analyzed the composition of adoptively transferred WT cells
present in the IE as well as LP preparation and noticed that 54%
and 25% of all cells recovered from the IE and LP fraction
respectively were pDC (Fig. 4B). These findings demonstrate
that among the diverse cell populations transferred pDC home
most efficiently to the intestine. These competitive transfers also
revealed that CCR9-deficient pDC are largely impaired in their
capacity to home to the intestine as reflected by the low
migration ratio of CCR9-deficient vs. WT pDC found in the IE
and LP preparation (Fig. 4D). In contrast, CCR9-deficient and
B6 pDC migrated with similar efficiency to peripheral and
mesenteric lymph nodes (Fig. 4D). The nature of the cell labeling
had no impact on these experiments because interchanging the
dyes between B6 and CCR9�/� cells yielded identical results
(data not shown). Although these data clearly demonstrate that
pDC require CCR9 for efficient homing to the gut, it should be
mentioned that the trafficking properties of pDC from Flt3-

Fig. 2. Expression of CCR9 on pDC. (A) Cells were isolated from different lymphoid organs as indicated. pDC were addressed as CD11c�B220�Ly6C� and analyzed
for the expression of CCR9 (solid line). (B) CD4�CD8� thymocytes served as a positive control. (C) Expression of chemokine receptors (solid lines) on pDC isolated
from the BM (shaded area: isotype control). SPL, spleen; ALN, axillary LN; MLN, mesenteric LN; PP, Peyer’s patches; Thy, thymus). Representative data from four
independent experiments with cells pooled from two to six mice each (A and B) or from three mice (C).
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ligand treated mice might be different from those present under
physiologic situations.

pDC Are Recruited to the Inflamed Intestine. Because it is known
that pDC play an important role in anti viral immunity (4, 10)
we speculated that pDC might be recruited to the intestine
during inflammatory processes to strengthen first line defense.
Cholera toxin (CT) is known to induce intestinal inflammation
when administered orally and it has been reported that within 2 h
after oral application the number of mDC transiently recruited
to the intestine increases 4-fold (15). We observed that, in
addition to mDC, pDC numbers also increased 3-fold when
feeding B6 mice with 10 �g of CT (Fig. 4E). Of interest, the
identical experimental setup never resulted in any increase of
pDC neither in the IE nor the LP preparation of CCR9-deficient
mice after 1, 2, or 3 h of CT-treatment (Fig. 4E and data not
shown). The specific requirement for CCR9 on pDC for their
recruitment to the intestine during inflammatory processes was

Fig. 4. CCR9-dependent homing of pDC to the small intestine. (A–D and F)
DC were expanded in vivo by treating B6 and CCR9-deficient mice with
Flt3L-secreting tumor cells. (A) Splenocytes of B6 donors were analyzed for the
presence of pDC (B220�Ly6C�). (B) Nonpurified WT Flt3L-expanded spleno-
cytes were labeled with CFSE and i.v. injected into recipients. The occurrence
of donor pDC in the recipient’s IE (Upper) and LP (Lower) preparation was
analyzed 18 h later (gate on CFSE� cells). (A and B) Data shown are represen-
tative for five animals of two independent experiments. (C)
CD11�B220�Ly6C� pDC in Flt3L-expanded splenocytes of B6 (Upper) and
CCR9-deficient mice (Lower) were stained for the expression of different
chemokine receptors as indicated. (D) Splenocytes isolated from Flt3L-treated
B6 or CCR9-deficient mice were labeled with CFSE and TAMRA, respectively.
Cells were adjusted to equal numbers of pDC and injected at a ratio of 1:1 in
B6 recipients. After 18 h, recipients were killed, and the ratio of donor B6 and
CCR9-deficient pDC was analyzed in the recipient’s IE and LP preparation of
the intestine and the inguinal (ILN) and mesenteric (MLN) lymph node (mean
� SD; n � 5–9 recipients). (E) WT (�/�) and CCR9-deficient (�/�) mice received
10 �g of CT or saline orally. After 1 h, animals were killed, and the number of
pDC present in the small intestine IE preparation was determined. Circles
represent individual mice; bars are mean values. Similar results were obtained
in two additional experiments. (F) CFSE-labeled splenocytes isolated from
Flt3L-treated B6 and TAMRA-labeled splenocytes isolated from Flt3L-treated
CCR9-deficient mice were adoptively transferred to CCR9-deficient mice at a
ratio of 1:1. After 18 h, recipients were gavaged orally with 10 �g of CT. One
hour later, mice were killed, and the number of labeled WT (�/�) and CCR9�/�

(�/�) pDC isolated from the IE and LP preparation was analyzed. Circles
represent individual mice; bars are mean values.

Fig. 3. Chemotactic response of pDC toward the CCR9 ligand CCL25. (A) DC
were expanded in vivo by treating B6 mice with Flt3L-secreting tumor cells for
14 days. Chemotactic activity of splenic pDC and mDC toward different
concentrations of CCL25, CXCL9, CXCL12, and CCL19 was analyzed (open
columns, mDC; black columns, pDC; mean � SD; n � 4 independent experi-
ments with pooled cells from two or three mice each). (B) Lack of intestinal
pDC in CCR9-deficient mice. Shown are the percentage (Left) and number
(Right) of pDC isolated from the inguinal LN (ILN), mesenteric LN (MLN), spleen
(SPL), PP, and the IE and the LP preparation of the small intestine from B6 and
CCR9-deficient mice. Circles represent data of individual mice (n � 3); bars
show mean values. Similar results were obtained in four additional experi-
ments using mice on a mixed genetic background (BALB/c 129SV; n � 20 mice
per genotype).
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confirmed by adoptive transfer of WT and CCR9-deficient pDC
to CCR9-deficient recipients followed by application of CT as
described above. Whereas adoptively transferred WT pDC were
amply present in the IE and LP preparation, CCR9-deficient
pDC were almost completely excluded from these compartments
(Fig. 4F). Together, these results show that during inflammatory
events pDC can be recruited to the intestinal mucosa and that
this mechanism relies to a large extend on CCR9.

A Role for Intestinal pDC for the Rapid Mobilization of LP Myeloid DC.
It has been shown recently that oral application of the TLR7/8
ligand resiquimod (R848) results in the rapid mobilization of LP
DC and that TNF�, possibly released by pDC, is involved in this
process (16). We thus speculated that intestinal pDC might be
the source of TNF� that potentially triggers the mobilization of
neighboring mDC. To test this hypothesis, we in vitro stimulated
B6 pDC of the IE and LP preparation for 16 h with R848. Indeed,
pDC secreted considerable amounts of TNF� but failed to
produce any detectable quantities of IL-2, IL-4, IL-5, or IFN�
(Fig. 5A). We then analyzed the mobilization of LP mDC in vivo
after oral application of R848. Whereas untreated B6 and
CCR9�/� mice did not differ regarding the presence of intestinal
mDC (Fig. 5B), within 2 h oral R848 induced the mobilization
of �60% of mDC in WT but only 10.8% in CCR9�/� mice.
Importantly, once CCR9-deficient mice i.v. received splenic
pDC of Flt3L-treated WT donors 16 h prior oral application of
R848, this deficiency in intestinal mDC mobilization could be
completely rescued (Fig. 5C). These experiments show that a
CCR9-dependent homing of pDC to the intestine is involved in
the rapid mobilization of intestinal mDC after oral application
of a TLR7/8 ligand. Because it has been shown by others in the
rat model that application of LPS also induces mobilization of LP
mDC (17), we applied 50 �g of LPS i.p. to WT and CCR9-
deficient animals. Of interest, under these experimental condi-
tions we failed to observe any difference between WT and
CCR9-deficient animals regarding the mobilization of LP mDC
(SI Fig. 9).

Discussion
The CCR9 ligand, CCL25, is expressed by epithelial cells of the
small intestine and has been suggested to target immune cells to
the intestinal epithelium (18). The present study supports the
idea that this chemokine attracts defined populations of immune
cells to the small intestine. Agace and colleagues (19) further

demonstrated that CD8��� T cells, activated within the mes-
enteric LN, selectively home to the small intestinal mucosa and
that this homing depends on CCR9. Data from our group suggest
a similar mechanism for plasma cells (11). Results provided here
demonstrate that CCR9-deficient mice possess reduced numbers
of pDC in the small intestine under steady-state conditions, an
observation that correlates well with the impaired recruitment of
CCR9-deficient pDC to this organ under inflammatory condi-
tions. In accordance with the hypothesis that CCR9 is required
for pDC gut homing is our finding that pDC derived from
CCR9-deficient donors are impaired in homing to the intestine
once adoptively transferred to WT recipients.

In addition to targeting immune cells to the epithelium,
CCL25 also mediates T cell entrance into the LP across intestinal
venules (20). A similar mechanism might allow homing of pDC
to the small intestine. Therefore, it seems possible that CCR9
recruits pDC into the LP and, in addition, targets a fraction of
these cells to the epithelium. Apart from CCR9, it is currently
unclear, which adhesion molecules are involved in pDC homing
to the intestine. Our data would suggest that �4�7 integrin, as
well as P-selectin, might also be involved in this process.

This study also reveals a previously undescribed function for
intestinal pDC. We show that after oral application of a TLR7/8
ligand, intestinal pDC are required for the rapid mobilization of
LP mDC, a mechanism that might involve the release of TNF�
from this cell population. Although it is currently unclear how
impaired mobilization might affect immunity to pathogens, it
seems conceivable that the rapid mobilization of LP DC to the
mesenteric LN favors the fast onset of adaptive immunity.
Interestingly, pDC mediated mobilization of mDC seems re-
stricted to distinct TLR ligands because LPS-activity bypasses
the need of pDC for successful emigration of mDC from the
small intestine. This finding corroborates the concept that
pathogens may bias immune responses already at the early stage
of their entry into the body because it is known that immature
DC primed under distinct cytokine environment such as TNF�
cause a shift to the subsequent Thelper1/Thelper2 answer. Further-
more, it is also tempting to speculate that pDC might help to
enforce the armed battery of IE lymphocytes residing at the
frontline of mucosal immune defense. In particular intestinal
pDC might supplement mucosal protection against viral attack.
However, these scenarios still await experimental approval en-
compassing animal models for inflammatory bowel disease and
viral infections.

Fig. 5. Rapid mobilization of LP mDC relies on the intestinal pDC. (A) Cytokine bead array profile from the supernatant of sorted pDC of IE (Left) and LP (Right)
preparation after 16 h in vitro stimulation in the absence (�R848) or presence (�R848) of R848. Control, cell culture medium. (B) Percentage of LP mDC
(CD45�CD11c�MHCIIhigh) of untreated mice (mean �SD, n � 6 per group). (C) WT (open column) or CCR9�/� mice (black column) were orally gavaged with 10
�g of R848. After 2 h, the number of mDC (CD45�CD11c�MHCIIhigh) present in the LP of the small intestine was determined and expressed as percentage of
untreated WT control. Gray column, CCR9�/� mice that i.v. received MACS-purified B6 pDC 16 h prior R848 treatment (mean � SD; n � 6–11 mice per group; ns,
not significant; **, P � 0.01; ***, P � 0.001).
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Materials and Methods
Mice. Animals were bred under specific pathogen-free condi-
tions. CCR9-deficient mice, either on a mixed genetic (BALB/
c � 129SV) or a C57BL/6 background (backcrosses for 5 or 9
generations) have been described elsewhere (21). Most of the
experiments described in this manuscript were performed on
both genetic backgrounds yielding identical results. Data de-
picted derive from experiments performed with mice on a
C57BL/6 background except those depicted in Fig. 4E. All
animal experiments were conducted in accordance with local
and institutional guidelines.

Flow Cytometry. Immune cells of the intestine were isolated from
6- to 8-week-old mice as recently described in detail (22). Cells
were stained with the following antibodies: Ly6C-FITC, �4�7-
biotin, CD103-biotin, B220-PerCP, CD11c-PE (all from BD
Bioscience), CD4-PE, CD62L-PE, CD45-APC, CD18-FITC
(Caltag), P-selectin-ligand (R & D Systems), CCR7-biotin
(eBioscience), 120G8, (Vector Laboratories), PDCA-1-APC
(Dianova). Anti CD3-Cy5 (clone 17A2) and anti CD8 (clone
CD8.2) were grown in our laboratories. Anti CCR2 and CCR5
mAb were kindly provided by Matthias Mack (University of
Regensburg, Regensburg, Germany) (23). The rat anti-mouse
CCR9 mAb (clone 7E7) was produced in our lab and has been
described (11).

Immunohistology and Cytospins. Immunhistological analysis of the
small intestine of mice was done on 8-�m cryosections as
described (11, 22). pDC (CD3�CD11c�B220�Ly6C�) and mDC
(CD3�CD11c�B220�Ly6C�) of the IE preparation were sorted
by flow cytometry (FACSAria, BD Biosciences). Acetone-fixed
cytospins were prepared from sorted cells.

In Vivo Generation of pDC and in Vitro Migration Assay. B6 and
CCR9-deficient mice received s.c. 5 � 105 to 1 � 106 B16-FL
cells, a murine melanoma tumor cell line engineered to stably
produce murine Flt3-L (14). After 14 days, animals were killed.
Flt3L-expanded, CD11c� MACS-sorted splenocytes (1 � 106),
containing �15% pDC, were resuspended in 100 �l of RPMI
medium 1640 and loaded into collagen-coated transwells (Corn-
ing BV; 5 �m pore size) that were placed in 24-well plates
containing 400 �l medium or medium supplemented with var-
ious concentrations of CCL25, CXCL9, CCL19, or CXCL12 (R
& D systems). After 3 h of incubation at 37°C, the migrated cells
were collected, counted, and stained with mAb to determine by

flow cytometry the number of migrated pDC and mDC. The
ratio of the number of pDC that migrated in the presence of
chemokine vs. the number of cells that migrated to PBS control
was calculated and is given as the migration index.

Adoptive Transfer of Labeled Cells. Splenocytes from B16-FL
tumor-carrying B6 or CCR9-deficient mice were labeled with
TAMRA (red fluorescent) or CFSE (green fluorescent) or vice
versa. Cell populations were adjusted to contain equal numbers
of pDC. For adoptive transfers, 106 pDC for both colors were i.v.
injected into the tail vein of recipients. After 18 h, recipients
were killed and cells were isolated from the intestine as well as
from mesenteric and peripheral lymph nodes.

MACS-Purification of pDC. Splenocytes from B16-FL tumor-
bearing mice were negative sorted for CD3 and CD19. In a
subsequent step B220� cells were enriched.

In Vivo Mobilization of Cells. Ten micrograms of CT (Sigma) in 300
�l of carbonic buffer (0.1 M NaHCO3) or 10 �g of R848 in 300
�l of PBS were orally administered by gavage. Fifty micrograms
of LPS were i.p. injected in 150 �l of PBS. One hour to 3 h after
the application of CT, mice were killed, and the number of
intestinal pDC was determined. Mice that received R848 were
killed 2 h after the application of this drug, and the number of
mDC of the LP was determined. Mice that received LPS were
killed 12 h later, and the number of LP mDC was determined.
Some of the R848-treated CCR9�/� mice received 2–4 � 106

MACS-purified WT pDC i.v. 16 h prior R848 application.

In Vitro Stimulation of pDC. 106 MACS-purified pDC were cultured
in 200 �l of RPMI medium 1640/10% FCS for 14 h in the absence
or presence of CpG2216 (16.5 �g/ml) or R848 (2 �g/ml). mDC
(CD11c�MHCII�) of the LP preparation were sorted by flow
cytometry (MoFlo, Dako-Cytomation) and activated with
CpG2216 as describe above. Supernatants were collected and the
amount of IFN-� determined by ELISA (Hycult). Interleukins
and TNF� were detected by cytokine bead arrays (BD).
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Summary 
Although several molecular mechanisms have been elucidated that mediate homing 

of lymphocytes from the blood to lymphoid organs, little is known about factors that 

determine the dwell time of homed lymphocytes within lymph nodes. Applying a novel 

conditional CCR7 knock-in mouse model we now show that mice expressing CCR7 

in T cells only (T-CCR7ki), are unexpectedly devoid of lymph node T cells although T 

cells of these mice readily home to lymph nodes of wild type recipients following 

intravenous adoptive transfer. We show that lymph nodes of T-CCR7ki mice have 

reduced numbers of high endothelial venules resulting in impaired homing of T cells 

to lymph nodes. Furthermore those T cells that homed to lymph nodes are not 

retained and rapidly leave lymph nodes. Applying different complementation 

approaches we found that impaired homing of dendritic cells from the periphery into 

the draining lymph nodes causes both defects. We provide evidence that steady 

state migrating dendritic cells provide vascular endothelial growth factor to support 

HEV formation. Furthermore, CCL21 produced by T zone stromal cells bind through 

its heparin-binding domain to dendritic cells allowing T cells to stay in an ICAM-1 

dependent way for prolonged periods of time within lymph nodes. Thus our data 

reveal an essential role of dendritic cells in lymph node T cell homeostasis. 
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Introduction  
Secondary lymphoid organs, such as lymph nodes, play an important role for the 

initiation and maintenance of adaptive immune responses. They provide the 

environment that allows efficient interaction of different subsets of immune cells with 

each other or with non hematopoietic stromal cells. The contact of naïve T cells with 

dendritic cells (DC) presenting antigen in secondary lymphoid organs can serve as a 

paradigmatic example for the need for controlled spatio-temporal interaction of cells 

of the immune system. T cells enter lymph nodes from the blood via specialized high 

endothelial venules (HEV) applying a program of sequential adhesion stages 

including the interaction of T cell-expressed selectins, integrins and chemokine 

receptors with their corresponding ligands which are expressed at the luminal side of 

HEV (for recent reviews see ref. (1; 2)). 

While T cells continuously re-circulate between secondary lymphoid organs immature 

DC reside as sentinels in the skin and mucosal surfaces (3). Therefore, DC have to 

be mobilized from peripheral sides and migrate via afferent lymphatics into the 

draining lymph node to present antigen to those T cells carrying a cognate antigen 

receptor. Depending on the nature of the antigen, the maturation status and the 

subset of the dendritic cell, this initial interaction either leads to the induction of 

tolerance or protective immunity. Immunity is induced by DC that present antigens 

derived from pathogens (4) while DC presenting self-antigen or innocuous 

environmental antigens under non-inflammatory situations to T cells induce tolerance 

(5). Data obtained from CCR7-deficient mice revealed that this chemokine receptor is 

essential for DC mobilization as well as T cell homing. In CCR7-deficient mice lymph 

nodes and Peyer’s patches are devoid of T cells and mature DC and upon adoptive 

transfer into wild type recipients, CCR7-deficient T cells fail to home to lymph nodes 

(6).  

Along the same line, DC differentiated from bone marrow of CCR7-deficient mice do 

not migrate to the draining lymph node following subcutaneous injection or intra-

tracheal instillation (7-9). Furthermore , applying in vivo mobilization assays such as 

fluorescein-isithiocyanate (FITC) skin-painting, CCR7-deficient DC entirely fail to 

migrate to the draining lymph node (6). Taken together these data identify CCR7 as a 

key regulator that control entry of T cells and DC to lymph node. Of interest the 

sphingolipid sphingosine-1-phosphate (S1P) and sphingosin-1-phosphate receptor1 

(S1P1) have been identified as the key molecules that regulate egress of 
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lymphocytes from lymphoid organs. Adoptively transferred S1P1-deficient T cells 

accumulate in lymphoid organs and mice deficient for sphingosine kinase (SphK), an 

enzyme that is involved in S1P synthesis, have enlarged lymph nodes (10). The idea 

that S1P and its receptors control lymphocyte egress have been fuelled by the 

observation that the oral application of FTY720 which induced internalization and 

thus functional inactivation of S1P1 lead to peripheral blood lymphopenia but lymph 

node lymphocytosis (11). Recently, it has been suggested that the balanced 

expression of CCR7 and S1P1 on T cells as well as the spatial distribution of their 

cognate ligands contribute to the dwell time T cells stay within lymph nodes and thus 

to lymph node homeostasis (12). Here we demonstrate that DC essentially contribute 

to T cell homeostasis at least at two checkpoints. First they produce vascular 

endothelial growth factor (VEGF) thus contribute to HEV growth and lymphocyte 

homing. In addition, by binding CCL21 via its heparin-binding domain they provide 

cues that allow T cells to stay for prolonged periods of time within lymph nodes. 
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Results 
Generating humanized CCR7 knock-in mice 
To further study the biology of CCR7 we generated a mouse which expressed the 

human CCR7 instead of the mouse homologue. To this end a targeting vector has 

been constructed that consists of a neomycin resistance gene flanked by two loxP 

sides, an internal ribosomal entry side (IRES), the entire coding cDNA of huCCR7 

followed by the 3’-UTR. Following homologous recombination the entire construct 

was knocked into the locus of the third exon of muccr7 leaving all potentially 

regulatory elements for CCR7 gene expression untouched (Fig 1A). Homologously 

recombined ES cells were identified using Southern blot analysis applying 5’- as well 

as 3’ specific probes (Fig 1B). Gene-targeted ES cells were injected into Balb/c 

blastocysts to generate chimeric mice which were then bred to Balb/c mice. Offspring 

carrying the targeted allele was crossed to germline Cre-deleter mice and the 

offspring carrying both the huCCR7 allele as well as the Cre allele were then again 

inter-crossed. PCR analyses of the resulting litters carrying various combinations of 

neo muccr7 and huCCR7 are shown in Fig 1C. 

 

Expression of human CCR7 in mice 
Applying mAb either specific for huCCR7 or muCCR7 analysis of CD4+ cells from 

peripheral blood revealed that these mice express this chemokine receptor as 

anticipated. While anti-muCCR7 bound to wild type mice and mice carrying one allele 

of both human and muccr7 it failed to bind to cells derived from mice carrying 

huCCR7 on both alleles (Fig 1D). Conversely, the anti-huCCR7 mAb did not bind to 

cells of wild type mice nor to cells isolated from mice still carrying the neomycin 

resistance gene. However, mice carrying at least one huCCR7 allele and lacking the 

neo resistance cassette bound anti-huCCR7 mAb (Fig 1D). Mice carrying both 

human and mouse CCR7 were further subjected to flow cytometric analysis revealing 

that all cell expressing mouse CCR7 also expressed huCCR7 and that human CCR7 

was not expressed on cells that lacked expression of muCCR7 (data not shown). 

Together, these results indicate that the CCR7 knock-in (ki) mice described here 

express human CCR7 instead of the mouse homologue once the neo cassette has 

been deleted. As long as the neo cassette is present on both alleles, mice do neither 

express mouse nor human CCR7. For reasons of convenience, mice with two 

huCCR7 alleles not carrying any neo due to deletion at the germ line (GL) level will 
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be referred to as GL-huCCR7ki mice throughout the manuscript. Mice carrying 

huCCR7 as well as neo on both alleles will be referred to as STOP-huCCR7, while 

mice generated by inter crossing STOP-huCCR7 mice with mice expressing Cre 

under control of the CD4 promoter, thus expressing human CCR7 in T cell only (see 

below) will be referred to as T-CCR7ki mice. 

 

Humanized CCR7 mice show a wild type phenotype  
Analyzing the phenotype of wild type, STOP-huCCR7, as well as GL-huCCR7ki mice 

revealed that GL-huCCR7ki mice were virtually indistinguishable from wild type mice 

while STOP-huCCR7 mice showed the phenotype of the earlier described CCR7-

deficient mice (Fig. 2). Lymph nodes from wild type as well as GL-huCCR7ki mice 

contained similar numbers of T lymphocytes while lymph nodes of STOP-huCCR7 

mice were devoid of both CD4+ and CD8+ T cells (Fig. 2A). Furthermore, a high 

percentage of T cells present in SLO of wild type and GL-huCCR7ki mice expressed 

L-selectin, thus showing the characteristic phenotype of naïve cells, while most of 

peripheral blood T cells in these mice were negative for L-selectin. In contrast, the 

few T cells present in lymph nodes of STOP-huCCR7 mice contained a higher 

proportion of L-selectin-negative cells, while the majority of peripheral blood T cell 

expressed this homing molecule in this strain, indicating that the homing of naïve T 

cells to LN is impaired in STOP-huCCR7 mice (Fig. 2B). Furthermore 

immunohistology revealed prominent T cell areas as well as prominent splenic peri-

arteriolar lymphoid sheaths (PALS) filled with T cells in both wild type as well as GL-

huCCR7ki mice. In contrast in STOP-huCCR7 mice the paracortex of LN as well as 

the splenic PALS were largely devoid of T cells. In addition, as described for CCR7-

deficient mice, T cells in STOP-huCCR7 mice were distributed throughout the red 

pulp (Fig. 2C). Together these data strongly suggest that the human homologue of 

muCCR7 is fully functional in mice, and that STOP-huCCR7 mice show the same 

phenotype as CCR7-deficient mice.  

 

Human CCR7 is fully functional in mice 
A more detailed analysis of the humanized CCR7 mice confirmed full functionality of 

human CCR7 in these animals. Applying transwell migration assays, T cells from GL-

huCCR7ki and wild type mice showed a comparable chemotactic response towards 

CCL21 while T cells from STOP-huCCR7 mice did not migrate towards this 
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chemokine (Fig. 3A). Furthermore, following intravenous injection wild type and GL-

huCCR7ki T cells home to the same extent to SLO of wild type recipient mice under 

competitive in vivo situations (Fig. 3B). In addition, subcutaneous injection of bone 

marrow-derived DC revealed a similar result with regard to homing efficacy. In these 

experiments wild type and GL-huCCR7ki DC migrate to the same extent to the 

draining LN while DC derived from the bone marrow of STOP-huCCR7 mice 

complete failed to migrate to skin-draining LN in this experimental setup (Fig. 3C).   

 

T cell restricted expression of CCR7 
To specifically address the role of CCR7 in T cell function STOP-huCCR7 mice were 

inter crossed to mice expressing Cre recombinase under control of the CD4 promotor 

to finally derive T-CCR7ki mice. These animals express huCCR7 in T cells but not in 

B cells or DC (Fig. 4A). In vitro migration assays revealed that T cells isolated from 

SLO of wild type as well as T-CCR7ki mice migrate towards CCL21 when tested in 

vitro transwell migration assay (Fig. 4B). The T cell specificity of the CCR7 knock-in 

could also be demonstrated functionally, since BM-derived DC of these animals 

neither migrated in vitro towards CCL21 nor in vivo into skin-draining LN following 

s.c. application (Fig. 4B +4C). Since these data strongly indicated that CCR7 is fully 

functional in T cells (but no other cells) of T-huCCR7ki mice, we were rather 

surprised to find a massive T cell lymphopenia in all LN of these mice which was 

similar to the one found in STOP-huCCR7 mice (Fig. 5A). Therefore we tested the 

ability of wild type T cells to home to SLO of wild type and T-CCR7ki mice and 

compared this in competitive homing assays to the homing capacity of T cells from 

STOP-huCCR7 mice. While T cells from wild type and STOP-huCCR7 mice home 

with comparable numbers to the spleens of wild type and T-huCCR7ki mice, wild type 

T cells homed considerably less efficient to brachial and inguinal LN of T-CCR7ki 

mice compared to wild type recipients being nearly as inefficient as T cells from 

STOP-huCCR7ki donor (Fig. 5B). These observations suggest that LN of T-

huCCR7ki mice might not provide the environment required for efficient T cell homing 

to LN or the retention of T cells in these organs. 

 

Reduced numbers but fully functional HEV in lymph nodes of T-huCCR7ki mice 
In order to identify factors that might account for reduced homing of T cells in LN of 

T-huCCR7ki mice we analyzed HEV in wild type and T-CCR7ki mice. To that end iLN 
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cryosections were stained with DAPI, anti-CD31 and MECA79 mAb and the largest 

sections of each lymph node were analyzed. Based on the DAPI staining the section 

area was determined morphometrically and found to be reduced by 30%-40% in T-

huCCR7ki mice (Fig 6A). We next determined the length of all CD31+MECA79+ HEV 

present on the entire LN section and again found an approximately 30% reduction in 

T-huCCR7ki mice (Fig. 6A). However, once we calculated HEV length per mm2 

section area, we could not see any difference between wild type and T-huCCR7ki, 

showing that LN of T-huCCR7ki LN are smaller and in absolute (but not relative) 

numbers contain less HEV. We next compared the capacity of wild type and T-

huCCR7ki HEV to allow homing of wild type cells. Following adoptive transfer of red-

fluorescent, TAMRA-labeled T cells wild type as well as T-huCCR7ki recipients were 

sacrificed 30 min later. Cyrosection of iLN were stained with MECA79 mAb and the 

number and position of adoptively transferred cells was determined. With regard to 

the location of the adoptively transferred cells five differentiated 5 positions were 

determined: i) with the lumen of a HEV; ii) attached to the luminal site of the HEV, iii) 

within HEV iv) at the abluminal site of the HEV, v) within tissue (Fig. 6B). With the 

exception of cell located within the HEV lumen, we found significantly more 

adoptively transferred cells per entire LN section in wild type recipients at all sites 

analyzed (Fig. 6C). However, we could not find any significant difference between 

wild type and T-huCCR7ki recipients once numbers of homed cells were calculated 

per section area unit. Together these data show that T-huCCR7ki mice have less 

HEV and suggest that these HEV are fully functional.  

 

DC migration and lymph node T cell homeostasis 
Since both CCR7-deficient mice as well as T-huCCR7ki mice do not express CCR7 

on DC we hypothesized that impaired DC trafficking might contribute to LN 

lymphopenia observed in both strains. To test this idea, we subcutaneously injected 

TAMRA-labeled immature wild type bone marrow DC into the left foot pad and PBS 

into the right foot pad of CCR7-/- mice. After 5 days mice were sacrificed and popLN 

were analyzed by flow cytometry. Compared to PBS-draining LN, DC-draining LN 

showed a strong increase of HEV endothelial cells (CD45-CD31+PNAd+; Fig. 7A) 

indicating that continuous trafficking of DC from the periphery to LN might influence 

its number of HEV. To test whether the induced HEV are fully functional wild type and 

CCR7-/- mice that received PBS or immature DC sc. into the footpad 4 days earlier, 
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intravenously received a mixture of green and red fluorescently labeled wild type and 

CCR7-deficient lymphocytes respectively. 30 min later mice were sacrificed and the 

number of adoptively transferred wild type and CCR7-deficient T cells present in the 

popLN were determined. As shown in Fig. 7B wild type T cells homed approx 5 times 

more frequent into the LN that drained the s.c. applied DC compared to those that 

drained the injected PBS. Interestingly, CCR7-deficient T cells also homed more 

efficiently to the DC- rather than the PBS-draining LN. However, compared to wild 

type cells, CCR7-/- T cells were severely impaired with regard to LN homing (Fig. 7B). 

Along the same line, the sc. application of immature DC to T-huCCR7ki mice induced 

a profound increase in LN size (Fig. 7C and 7D). The lymph node that drained the 

transferred DC, but not LN that drained the applied PBS also showed a regularly 

developed paracortex full of T cells (Fig. 7C). Further analysis revealed a very good 

correlation between LN cellularity and the number of adoptively transferred DC 

reaching the popLN (Fig. 7E). Together these data suggest that the migration of DC 

to LN contribute to HEV formation and efficient homing of T cells. 

 

Rag2-/- bone marrow chimeras rescue the phenotype of T-huCCR7ki mice 
To further address the role of steady state DC migration on LN T cell homeostasis, 

we generated Rag2-/-T-huCCR7 bone marrow chimeras. To this end T-huCCR7ki 

mice were lethally eradiated and reconstituted with either T-huCCR7ki bone marrow 

(T-huCCR7ki chimeras) or a mixture of 30% T-huCCR7ki and 70% Rag2-/- bone 

marrow (T-huCCR7ki/Rag2-/-). All lymphocytes present in the latter mice are of T-

huCCR7ki origin while a considerable part of the non lymphoid hematopoietic cells, 

including DC, are derived from Rag2-/- progenitors thus carrying the wild type ccr7 

alleles. 

Analyzing bone marrow chimeras 8 weeks after reconstitution, we found that LN of T-

huCCR7ki/Rag2 chimeras contained significantly increased numbers of 

CD11c+MHCII high cells compared to mice reconstituted with T-huCCR7 bone 

marrow solely. Interestingly, in contrast the T-huCCRki chimeras the vast majority of 

DC present in the T-huCCRki/Rag2 chimeras expressed muCCR7 (Fig. 8A). 

Furthermore, immunohistology revealed that LN paracortices in T-huCCR7ki/Rag2-/- 

chimeras are filled with T cells while this area in LN of mice that were reconstituted 

with bone marrow from T-huCCR7ki solely are still devoid of T cells (Fig. 8B). A flow 

cytometry based analysis confirmed strongly increased T cell counts in T-
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huCCR7ki/Rag2-/- chimeras (Fig. 8C) and revealed a regular T/B cells ratio of 2.7/1 

which is close to the one found in B6 mice (Fig. 8D).  

Based on the observation that the paracortex of LN from T-huCCR7ki/Rag2-/- bone 

marrow chimeras was filled with T cells, we speculated that the continuous homing of 

DC to LN not only might affect T cell homing but also the LN dwell time of T cells. To 

test this hypothesis we analyzed how fast T cells leave skin-draining LN of wild type 

and T-huCCR7ki mice. To that end, pooled lymphocytes from wild type spleen and 

LN, containing approximately equal numbers of B and T cells, were TAMRA-labeled 

and adoptively transferred to wild type and T-huCCR7ki recipients. After 20 hrs half 

of the animals of each group were sacrificed while the remaining recipients received 

i.v. anti-L-selectin antibodies for 14 h to prevent further homing of re-circulating 

lymphocytes before they were analyzed. Analyzing the number and type of adoptively 

transferred T and B cells that homed to wild type LN before applying the anti-L-selctin 

mAb, we found that T and B cells were present at a ratio of 3.75:1 indicating that the 

adoptively transferred cells reached a steady state situation in wt LN since this ratio 

of T/B cells was rather similar to the one observed for endogenous cells (data not 

shown). In contrast, in LN of T-huCCR7ki mice the ratio of T/B cells was 

approximately 2:1 indicating that the environment that accounts for LN T cells 

homeostasis differs considerably between the two mouse strains. Analyzing the 

distribution of T and B cells in LN of mice that were treated for 14 h with the MEL-14 

mAb we found that the ratio T/B cells dropped from 3.75:1 to 3.14:1 in wild type 

recipients while the ratio of T/B cells decreased from 2:1 to 0.6:1 in T-huCCR7ki mice 

(Figure 8E). Comparing the absolute cell count of adoptively transferred T cells in 

untreated or Mel-14 treated mice, we found a 55% reduction in wild type recipient 

following antibody treatment while a 75% reduction was observed in T-huCCR7ki. In 

both recipients, B cell count dropped by 16% following Mel-14 treatment (data not 

shown). Together these data indicate that T cells are less efficiently retained in the 

LN of T-huCCR7ki mice compared to wild type mice. To test whether ICAM-1 is 

involved in retaining T cells within LN wild type mice were treated as described above 

with the modification that one group received in addition to the MEL-14 mAb also an 

neutralizing anti-ICAM-1 mAb. Of interest, flow cytometry revealed that the T/B ratio 

was lowest in the anti-ICAM-1 treated group indicating that ICAM-1 indeed provided 

signals that retain T cells in LN (Fig. 8E).  
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DC bind stromal cell-derived CCL21. 
Based on the above described results and due to the observation that T-huCCR7ki T 

cells accumulate in the T zone of T-huCCR7ki/Rag2-/- chimeras we speculated that 

non T cell factors might be responsible for the reduced dwell time observed in T-

huCCR7ki mice. Since CCR7 expression on T cells has recently be described to 

affect retention in T cells we analyzed the expression of CCL21 in the above 

described T-huCCR7ki/Rag2-/- and T-huCCR7ki chimeras. Applying anti-CCL21 

antibodies and immunohistology our quantitative morphometric expression analysis 

over the entire LN section revealed a two fold increase of CCL21 expression per pixel 

in T-huCCR7ki/Rag2-/- compared to T-huCCR7ki chimeras (Fig. 9B). While in both 

groups CCL21 was amply expressed on HEV, LN stromal cells of T-huCCR7ki/Rag2-

/- chimeras showed considerably higher staining with the anti CCL21 Ab compared to 

the T-huCCR7ki chimeras (Fig. 9A). Since LN of T-huCCR7ki/Rag2-/- harbor skin-

derived DC we hypothesized that skin derived DC might induce increased CCL21 

expression in LN. We therefore assessed the expression of CCL21 in draining LN of 

T-huCCR7ki mice that s.c. received immature DC or PBS 4 days earlier and found an 

more than two-fold increase per LN in the group that received the DC (Fig. 9C). Since 

LN DC do not express CCL21 (13) these results strongly indicate that a steady state 

trafficking of DC from the periphery to the draining LN is required to maintain CCL21 

expression on stromal cells which in turn strongly affects the dwell time of T cells 

within LN. To further substantiate this hypothesis, we took advantage of transgenic 

mice that express under the control of the CD11c Promoter the diphtheria toxin 

receptor (CD11c-DTRtg). Following the application of diphtheria toxin (DT) DC get 

depleted in these animals (14). Of interest, treatment of these mice with DT also 

leads to reduced numbers of T cells in the LN as reflected by a 50% reduction of the 

T/B ratio in the DT-treated group compared to the control group (Fig 9D). We next 

tested whether the increased expression of CCL21 in the Rag2 bone marrow is due 

to increased transcription. However, applying qRT-PCR we failed to find increased 

expression of CCL21 when compared to the expression of the stromal cell-specific 

expression of gp38 or pdgra mRNA (Fig 10A). Since we did not observe increased 

numbers of stromal cells in the LN of the Rag2 chimeras compared to the control 

group (data not shown) these data indicate that increased levels of CCL21 are most 

likely not due to transcriptional chances. Of interest, immunohistology on B6 LN 

sections revealed co-staining of CD11c and CCL21 (Fig 10B) suggesting that DC 
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bind CCL21. In order to test this experimentally, we stained bone marrow-derived DC 

from wild type and CCR7-deficient mice with different concentrations of recombinant 

CCL21. Applying anti-CCL21 Ab flow cytometry revealed that DC indeed bind CCL21 

and that this binding to a large degree does not occur via binding specifically to its 

receptor since it is also observed in CCR7-deficient DC (Fig 10C). Since mouse DC 

do not express CCL21 (13) these data collectively indicate that DC bind CCL21 

produced by stromal cells thus increasing the amount of CCL21 present within LN.  

 



Wendland et al  13 
 

Discussion  
Data derived from CCR7-deficient mice as well as plt mice, which lack the CCR7 

ligands CCL19 and CCL21 in lymphoid organs, helped to elucidate the role of this 

chemokine receptor and its ligands, in promoting immune cell homing, 

compartmentalization of lymphoid organs as well as cell motility within these structure 

(2, 6, 15). Furthermore, recent evidence suggests that CCR7 delivers retention 

signals which keep T cells within the T cell area thus counteracting sphingosin-1-

phospate receptor-mediated signals that promote lymphocyte egress from lymph 

nodes towards afferent lymphatics (12). Using a newly established conditional CCR7 

knock-in mouse data obtained in the present study puts another layer of complexity 

to the biological function of CCR7 for T cell homeostasis. Surprisingly, CCR7 affects 

T cell homeostasis not only through its direct effect on T cell migration, but also 

indirectly in controlling homeostatic DC migration. The above results indicate that a 

CCR7-dependent steady state migration of DC into peripheral lymph nodes is a key 

event for the maintenance of unperturbed lymph node T cell homeostasis. We 

provide evidence that steady state trafficking DC are involved at least at two different 

steps both essentially contributing to lymph node homeostasis. Steady state 

trafficking DC i) produce VGEF which acts as a growth and differentiation factor for 

HEV (16), thus allowing the efficient homing of T cells to LN, and ii) DC bind CCL21 

produced by T zone stromal cells which, by binding to CCR7, provides retention 

signals for T cells to stay for prolonged periods of time within lymph nodes.  

 

Secondary lymphoid organs, such as lymph nodes, are essentially involved in 

initiating immune responses since they provide a highly organized microenvironment 

that allows the efficient presentation of peptide antigen presented in the context of 

MHC by DC and their recognition by T cells carrying a cognate T cell receptor. While 

the majority of DC is believed not to re-circulated after entering LN via afferent 

lymphatics, it is well established that naïve T cell leave LN within the order of 8-12 

hrs if they are not stimulated. In the steady state the number of T cells entering a 

given LN plus the number of cells generated through cell division within there by 

definition equals the number of T cells dying within or leaving this organ. Since 

neither proliferation nor apoptosis are observed to a large extent in naïve T cells in 

mice kept under specific pathogen-free conditions the number of cells entering a 

given LN should be rather similar to the ones leaving it. While it has been well 
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established that different classes of adhesion molecules such as selectins and 

integrin as well as chemokines and their receptors are essentially involved in LN 

homing (2, 17) little is known about factors that control lymphocyte egress. Based on 

gene-targeting in mice and on studies using the immunomodulatory drug FTY720 

sphingosin-1-phosphate receptor 1 (S1P1) has been identified a key regulator of 

lymphocyte egress (18, 19). In vivo, FTY720 is phosphorylated by sphingosin kinase 

2 and phosphorylated FTY720 acts as a potent agonist for four of the five sphingosin-

1-phosphate receptors including S1P1. S1P1 is abundantly expressed on naïve T 

cells and has been shown to be vitally required for steady state T cell egress from 

thymus, spleen and LN (10, 20-23). Furthermore it has been suggested that, on 

activated T cells, S1P1 is internalized by interacting with CD69 thus allowing for an 

efficient retention of activated T cells within inflamed LN (24). As a mode of action it 

seems that LN egress might reflect a S1P1-mediated chemotactic response of T cells 

towards high levels of S1P present in the efferent lymph fluid within medullary 

regions or so-called cortical sinusoids present in the T cell area. Interestingly, a 

recent study showed that CCR7-deficient T cells egress more efficiently from LN than 

wt T cells, whereas CCR7 over expressing T cells are retained for prolonged periods 

within LN suggesting that the S1P-egress-promoting signals are counteracted by 

CCL21 expressed by fibroblastic reticular cells (FRC) present in the T cell zone (12). 

Data from the present study supports and extents this model since we show that LN 

of a conditional T-CCR7 knock in strain are lymphopenic which to a large extent is 

seemingly caused by reduced levels of CCL21 present in the T cell zone which is 

owed to impaired steady state migrating DC “presenting” CCL21 to T cells.  

 

Although we can not formally exclude the possibility that human CCR7 might not 

work exactly as murine CCR7 in mice, data obtained from the GL-huCCR7 mice 

strongly indicate that human CCR7 can fully substitute for muCCR7-deficiency. 

These animals exhibit the same phenotype as their wild type littermates, LN contain 

normal CD4 and CD8 T cell counts, and T cell zone in LN and spleen are regularly 

developed (Fig. 2). Both in vivo and in vitro T cell as well as DC from wild type and 

GL-huCCR7 mice migrate towards CCR7 ligands with similar efficiency (Fig. 3). 

Furthermore, in T-huCCR7 mice where expression of CCR7 is restricted to T cells we 

observed a robust chemotactic response of T towards CCL21 while DC neither 

migrated in vitro nor in vivo following FITC skin painting showing that the T-huCCR7 
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mice express functional CCR7 in T cells but not in DC. Therefore, it was unexpected 

to see that the T-huCCR7 mice have strongly reduced LN T cell counts (Fig. 5A). 

Adoptive transfers revealed that considerably less wild type donor cells were present 

in T-huCCR7 recipients than in wild type recipients 3 hrs after transfer indicating that 

non T-cell factors might cause LN T lymhopenia in T-huCCR7 mice (Fig 5B). Indeed 

short term adoptive transfers of wild type donor cells in wild type and T-huCCR7 mice 

suggest that the latter animals have approximately 30 to 40% less HEV, while those 

that are present seem to be fully functional (Fig. 6). Under inflammatory conditions, 

DC have been recently identified as a source for VGEF that triggers vascular growth 

including proliferation HEV endothelial cells which is associated with increased 

lymphocyte entry into the LN (16).  Data from the present study indicates that also in 

the steady state DC contribute to HEV endothelial growth. Following subcutaneous 

injection of immature BM-DC, which produce VEGF to considerable amounts into T-

huCCR7 recipients we observed increased numbers of HEV endothelial cells, 

increased homing of T cells as well as increased expression of VGEF in the draining 

LN (Fig. 7).  

 

In addition to their effect on HEV, several lines of evidence from the present study 

support the idea that steady state migrating DC seemingly also effect the dwell time 

naïve T cells stay within a LN. i) In contrast to T-huCCR7 mice T-huCCR7/Rag2-/- 

chimeras not only possess a regular frequency LN DC but also a threefold increase 

of T cells resulting in a strongly increase in the T/B ratio in all peripheral LN. ii) 

adoptively transferred T cells egress much faster from LN of T-huCCR7 than from 

wild type recipients, and iii) injection of DT in CD11c-DTRtg mice not only results in 

the depletion of DC within LN but also in a reduced cellularity within the T cell area 

resulting in a strongly reduced T/B ratio in these organs. It is still not entirely clear 

how DC affect the dwell time of T cells but data provided here suggest that the 

CCL21/CCR7 axis is involved. A recent study failed to demonstrate CCL21 mRNA in 

LN DC in mice rendering the possibility unlikely that DC serve as a direct source for 

CCL21 (13). However, since we could show that CCL21 can bind to the surface of 

DC independent of the presence of CCR7 our data would support a model in which 

DC ‘present’ CCL21 expressed by stromal cells on their cell surface. We and others 

could recently reveal that CCL21 provides strong haptokinetic stimuli to T cells (25). 

Thus decreased levels of CCL21 could therefore influence the migration behavior in 
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particular of such T cells moving during random walk towards cortical or medullary 

sinusoids where they would be exposed to an egress-promoting S1P gradient. 

In this model promigratory CCR7 signals would keep T cells on the FRC network or 

increase their scanning behavior of dendritic cells thus making them less susceptible 

to react to the S1P1-mediated egress signal. However, once CCR7 is less efficiently 

triggered due to reduced availability of CCL21 in the T cell area, T cells are less 

efficiently retained and, consequently, have a higher chance to leave the LN via 

efferent lymphatics. This model is supported by Cyster and colleagues showing that 

CCR7-deficient T lymphocytes egress faster from LN than wt T cells (12).  

In a recent in vitro study T cells were reported to exhibit random walk migration on 

immobilized CCL21 irrespective of the presence or absence of co-immobilized ICAM-

1 or VCAM-1. These results would suggest that integrins such as LFA-1 and VLA-4 

which have the capacity to bind these adhesion molecules are kept in a non-

adhesive state and are thus not involved in random walk migration of T cells in a 

shear-free environment such as LN parenchyma. However, 2 Photon microscopy 

revealed that T lymphocytes deficient for LFA-1 or VLA-4 migrate with reduced 

velocity as well as directionality putting forward the idea that low levels of integrin-

mediated adhesion forces might help T cells to stay in contact with FRC and DC to 

continuously receive haptotactic stimuli. This model is supported by the present study 

since the application of a neutralizing anti-ICAM mAb results in a considerably 

reduced dwell time of T cells in LN most likely by preventing the interaction of ICAM-1 

with LFA-1.  

It is currently unclear whether CCR7 signals are involved in generating such possible 

low level integrin adhesion forces. Since CCR7 signals together with shear forces 

induce conformational changes in LFA-1 resulting in high affinity binding to ICAM-1, it 

theoretically seems possible that the chemokine receptor-intergrin pathway indeed 

might be involved. Alternatively, T cell receptor-mediated signals could be involved in 

this process since it is well established that TCR signals modulate integrin function in 

processes such as the formation of immunological synapses between T cells and DC 

following cognate interaction. Furthermore, recent evidence suggest that constant 

TCR signalling provided by endogenous self-peptide/MHC class II contacts are 

required to preserve the proliferative capacity and the basal motility of CD4 T cells 

and to keep activity of the small GTPases Rac and Rap1 (26). 



Wendland et al  17 
 

Materials and Methods 
 

Construction of humanized CCR7 mice 

The targeting construct was generated according to established methods (27) using 

standard PCR and recombinant DNA technology. A genomic mouse library was 

screened. As a targeting vector a modified pBlueskript KS was used that already 

contained a loxP site-flanked neomycin-resistance gene (neo) that is under the 

control of the phosphoglycerate promotor (pGK). Following the neo-resistance 

cassette the EMCV-IRES (internal ribosomal entry site; (28) was cloned from the 

pMT7-REMCVIF into the targeting vector. The cDNA of the human CCR7 gene was 

positioned downstream of the IRES element separated only by a CC sequence. 

Upstream of the neo-resistance cassette 2.7 kilobases of genomic DNA containing 

also the first and the second exon of the murine CCR7 flanked the construct for 

homologous recombination. This 5’-recombination site ends directly in front of the 

third exon. For 3’-recombination 2.8 kilobases of genomic DNA beginning at the 

translation stop codon in the 3rd exon and containing the 3’-UTR region of the 

endogenous CCR7 gene was inserted into the targeting vector downstream of the 

human CCR7 gene. The targeting vector was introduced into E14 (genetic strain 

129P2Ola/Hsd) embryonic stem (ES) cells by electroporation, and G418 resistant ES 

cell-clones were selected after standard protocol as described (Torres, R.M. & Kühn, 

R. Laboratory protocols for conditional gene targeting (OxfordUniversity Press, 

Oxford, 1997).  In short, homologous recombinants were screened by digestion of the 

genomic ES cell DNA with the restriction enzyme BamHI (New England BioLabs) 

followed by a southern blot using a external 5’-probe. An external 3’-probe was used 

in a second southern blot after digestion with EcoRI (New England BioLabs). 

Chimeric mice were generated by injecting homologously recombinated ES cells into 

Balb/C blastocyst. Chimeric males were crossed to Balb/C mice. Germline 

transmission was detected by scoring of coat colour. Mice carrying the homologous 

recombinated construct homocygously were crossed to a deleter strain (C57BL/6-

rosa26(SA-CrepA) expressing Cre ubiquitously. Furthermore, mice carrying the 

targeted allele were back-crossed to C57BL/6 and then crossed to a deleter strain 

expressing Cre under the control of a CD4 Promotor (CD4Cre; (29, 30). Mice were 

genotyped by PCR for the presence or absence of neo, IRES, and Cre (Fig. 1D). In 

experiments described in figures 1 to 3 littermates were used on a mixed 129SV x 
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C57BL/6 x Balb/c background or 129SV x Balb/C, respectively. All other experiments 

were performed with mice on a C57BL/6 background. All animals were bred under 

standard conditions in specific pathogen-free mouse facilities. All mice homocygous 

for the integrated construct or after crossing to the Cre-deleter strain were healthy 

and bred well. 

 

 

Antibodies 
The following antibodies and conjugates were used in this study: rat anti-human 

CCR7 mAb (clone 3D12), rat anti-mouse CCR7 (clone 4B12), anti-CD4-PerCp, anti-

MHCII(I-Ab), anti-CD11c-biotin, anti-Meca79 (BD Biosciences), anti-CD19-FITC 

(Southern Biotechnologies), anti-CD62L-PE (Caltag), anti-CD31-PE (Pharmingen), 

anti-CD3 (clone 17A2), anti-B220-Cy3 (clone TIB 146) anti-IgD (clone HB250) and 

anti-CD8-FITC (clone RM CD8) antibodies were provided by Elisabeth Kremmer 

(GSF München, Germany). Biotinylated antibodies were recognized by streptavidin 

coupled to Alexa°488 (Molecular Probes). Unconjugated anti-human and anti-mouse 

CCR7 antibodies were revealed by mouse anti-rat-Cy5 (Jackson Laboratories). FITC-

, Cy3- and Cy5-conjugates of anti-IgD, anti-CD3 and anti-CD8b antibodies were 

prepared as recommended by the manufacturer (Amersham). 

 

Flow cytometry  
To obtain single-cell suspensions of lymph nodes and spleen, organs were minced 

through a nylon mesh and washed with PBS supplemented with 3% FCS. 

Erythrocytes of blood and spleen were lysed by using a buffer containing ammonium 

chloride (1.7M), potassium hydrogen carbonate (100mM) and EDTA (1mM). For LN 

preparation containing endothelial cells of the HEV, LN were treated with 564 U/ml 

collagenase type 2 (Worthington Biochemical) + 40µg/ml DNase I (Sigma-Aldrich) for 

30 min at 37°C. The cell suspension was resuspended 40 times using a Pasteur 

pipette. EDTA was added to a final concentration of 10 mM EDTA and cells were 

incubated for additional 5 min at 37°C. After passing cell suspension through a 70-

µm filter, cells were stained with antibodies as described above and analyzed by 

using a FACSCalibur or LSRII (BD Biosciences). 



Wendland et al  19 
 

Immunohistology and measurement of high endothelial venules length 

Organs were embedded in OCT and 8 µm cryosection were made. Section were air 

dried and fixed in ice-cold acetone for 10 min and stained with indicated antibodies 

as described earlier (31). Slides were analyzed with an Axiovert 200M microscope 

and Axiovision software (Carl Zeiss) or an IX81 microscope and analySISD software 

(Olympus). HEV length and LN section area calculated using ImageJ software. 

 

in vitro differentiation and transfer of DC 
2 x 106 bone marrow cells from tibia and femur of C57/BL6, Rag2-/- and T-huCCR7ki 

mice were cultured in RPMI 1640, 10% FCS, -ME, glutamine, and 

penicillin/streptomycin supplemented with 100–200 ng/ml GM-CSF produced by a 

recombinant cell line for 8 days. Cells were matured for 2 additional days with 1 µg/ml 

PGE2 (Sigma-Aldrich) and 30 ng/ml TNF-  (PeproTech). For DC transfer immature 

BMDC were gathered at day 8, labeled with 5µM CFSE and 1-3x106 BMDC were 

injected s.c. in the femoral leg, the flank of the mice, and the footpad. 5 days after 

injection mice were sacrificed and the popliteal, axilary and inguinal lymph nodes 

were analyzed by flowcytometry and immunohistolgy. 

 
Chemotaxis assay and in vitro inhibition 
1x106 Splenic cells or in vitro differentiated BMDC were resuspended in 100µl RPMI 

and loaded in collagen-coated transwells (Corning BV, 5 µm pore size) that were 

placed in 24-well plates containing 400µl medium or medium supplemented with 

100nM to 300 mM CCL21. After incubation for 3h at 37°C, cells migrated were 

collected, counted, and stained with mAb to determine the number of migrated T cells 

by flow cytometry. 

 

Skin painting 
The skin of the ears was painted two times with 0.1% Fluoresceinisothiocyanate 

(FITC) in acetone/dibutylphthalate (1:1). 24 h later the mice were sacrificed, the facial 

lymph nodes were isolated, and single cell suspensions were prepared. The 

frequency of cells positive for CD11c, MHC II and FITC were analyzed by flow 

cytometry. 
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in vivo migration 
Splenic lymphocytes from wild type, STOP-huCCR7, huCCR7ki and T-huCCR7ki 

mice were isolated as described above. 2x106 cells/ml were pre-incubated at 37°C 

for 30 min in RPMI 1640 containing 5% FCS, subsequently incubated with 5 µM 

CFSE or TAMRA for 10 min at 37°C and washed in ice-cold PBS with 3% FCS. 5x106 

cells of each color were mixed and i.v. transferred into the tail vein of recipients. 3 h 

later, mice were sacrificed and lymphocytes were isolated from different LN and 

spleen. The ratio or total number of recovered CFSE- and TAMRA-labeled T cells 

was determined by flow cytometry. Ratios obtained were corrected for the ratio 

present in the injected mixtures. 

For analyzing the location of T cells in relation to HEV position T cells of C57BL/6 

donors were enriched by MACS-sorting using biotinylated anti-B220 mAb and 

streptavidin-beads (Miltenyi). 1x106 Tamar-labeled T cells were i.v. transferred in 

C57BL/6 wild type and T-huCCR7ki recipients. 30min later, mice were sacrificed, the 

LN isolated and frozen in OCT. 8 µm sections were anaylzed by immunohistology.  

 

Stable bone marrow chimeras. 
Bone marrow was prepared from femurs and tibiae of T-huCCR7ki  and Rag2-/- mice 

followed by separation on Lympholyte M. Recipients for bone marrow transplantation 

were 6–8 wk-old sex-matched T-huCCR7ki mice. Before transplantation, adult 

recipient mice were lethally irradiated (5 Gy) twice at an interval of 4 h. Approximately 

1.5 x 107 bone marrow cells were transferred to irradiated recipients. For chimeras, 

80% Rag2-/- and 20% T-huCCR7ki bone marrow were mixed before transplantation. 

Control animals received 100% T-huCCR7ki bone marrow cells. 3-4 wk later later, 

chimeras were shaved and UV-irradiated for 30 min mobilizes dendritic cells of the 

skin and their progenitors to allow for replacement of these cells. 11–12 wk after 

transplantation chimeric mice were killed, and lymph nodes were harvested and 

analyzed. 

 

Treatment with blocking antibody. 
Some mice received the blocking antibody anti-L-selectin (clone MEL-14) 26 hours 

after the i.v. transfer of TAMRA labeled lymphocytes. 125 µg anti-L-selectin were 

injected i.v. and 125 µg anti-L-selectin were injected i.p. in these mice. 16 hours later 
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mice were killed, and lymph nodes were harvested and analyzed. In some 

experiments mice also i.v. received 125µg of an neutralizing anti-ICAM mAb.  
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Legends to figures 
 
Figure 1. 
Generation of humanized CCR7 mice 

(A) Cloning strategy. The diagrams show the targeting vector with the loxP-flanked 

neo resistance cassette; the locus of the murine ccr7, and the targeted allele before 

and after loxP-mediated in vivo excision of the neo-resistance cassette. Open boxes 

indicate the neo-resistance cassette and the EMCV-IRES; the black box indicates 

human CCR7 cDNA, while the grey boxes indicate the three exons of the murine ccr7 

allele as well as the 3’-UTR. Vertical arrows mark the loxP-recognition sites. 

Horizontal arrow show the length of the various fragments following digestion with 

restriction enzymes used for the southern blot analysis. The probes p1 and p2 are 

used for southern blot analysis, whereas a, b, and c depict products of PCR genotype 

analysis. Restriction sites: E, EcoRI; B, BamHI; S, SalI; SA, SacII; X, XhoI. 

(B) Southern blot analysis of recombinant embryonic stem cell DNA from 3 

representative clones. DNA was either digested with BamHI and hybridized with the 

5’-probe p1 or was digested with EcoRI and hybridized with the 3’-probe p2, 

respectively. 

(C) Genotyping of tail DNA by PCR from wild-type, neomycin non-deleted 

heterozygous (huCCR7+/-neo+/-), non-deleted homozygous (huCCR7+/+neo+/+), 

neomycin-deleted heterozygous (huCCR7+/-neo-/-) and neomycin-deleted 

homozygous (huCCR7+/+ neo-/-) littermates applying primer-pairs specific for 

fragments a, b, or c as shown in (A). 

(D) Flow cytometry of cells isolated from blood of wild-type (WT), huCCR7+/+neo+/+, 

huCCR7+/-neo-/-, and huCCR7 neo- mice and analyzed for the expression of murine 

CCR7 (upper row) and human CCR7 (lower row). The shaded area depicts the 

isotype control. Shown are representative results from 4 independent experiments. 

 

Figure 2. 
(A) Distribution of CD4 and CD8 T cells in mesenteric (left) and axilary lymph node 

(right). Lymphocytes were isolated from WT (black column), huCCR7 neo- (open 

column), and STOPhuCCR7 (hatched column) littermates and stained with 

antibodies against CD4 and CD8. Absolute cell counts (+SD; Pooled data including 2 

to 8 mice. 
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(B) Flow cytometry of lymphocytes isolated from axilary (ALN), inguinal (ILN), 

mesenteric lymph node (MLN), peripheral blood (PBL), and spleen (SPL). Cells from 

WT (top), huCCR7 neo- (middle), and STOPhuCCR7 (bottom) littermates were 

stained with anti-CD62L and anti-CD3 m Ab. The percentage of CD62L+ T cells is 

specified. Representative data for 5 mice/ genotype analyzed. 

(C-H) Immunohistology of axilary lymph node (ALN) and spleen (SPL) of wild type (C, 

D), GL-huCCR7ki (E, F), and STOP-huCCR7 (G, H) mice. 8µm cryosections of 6-8 

week-old mice were stained with antibodies indicated. Shown are sections 

representative for 6 animals analyzed per genotype. 

 

Figure 3. 
(A) Chemotaxis assay of lymphocytes towards the chemokine CCL21. Lymphoytes 

isolated from spleen of wild-type (WT; black columns), GL-huCCR7ki (open 

columns), and STOP-huCCR7 (hatched columns) mice were analyzed for their ability 

to migrate towards CCL21 (0 or 100 nM) within 3h. Shown is the migration index 

(mean of triplicates +SD) of one representative experiment of five performed. 

(B) In vivo migration of mouse lymphocytes expressing huCCR7. Lymphocytes 

isolated from WT and GL-huCCR7ki mice were labeled with different fluorescent 

dyes (TAMRA, CFSE) and injected i.v. into WT mice. After 3 hrs cells were isolated 

from ALN, BLN, ILN, and SPL were stained for CD3-expression. The ratio (+SD) of 

recovered CD3+ of GL-huCCR7ki and wt origin is shown (n=8 recipients). 

(C) FITC-skinpainting. Both ears of mice with the indicated genotype were painted 

with FITC solution. 24h later single-cell suspensions of the ear-draining facial lymph 

nodes were prepared and analyzed by flow cytometry. Shown are absolute cell 

counts (+SD) of FITC+CD11c+MHCII+ cells (n = 4 mice per group; representative data 

from one of two experiments performed) 

 

Figure 4. 
(A) Expression of huCCR7 on blood CD4+ T cells and spleen CD11c+ DC from wild-

type (WT), T-huCCR7ki, and STOP-huCCR7. 

(B) Chemotactic migration of T cells (left) and dendritic cells (DC; right) towards 

CCL21. Lymphocytes, isolated from peripheral lymph nodes, and mature bone 

marrow DC from WT (black column) and T-huCCR7ki (open column) migrated for 3h 

towards medium alone (0) or 300 nM CCL21 (mean +SD; n=3). 
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(C) FITC-skinpainting. Mice were painted with FITC solution. 24h later single-cell 

suspensions of the facial lymph node of WT, T-huCCR7ki, and STOP-huCCR7 mice 

were analyzed by flow cytometry. Shown are the cell numbers for the recovered 

FITC+CD11c+MHCII+ cells (mean +SD, n = 8 lymph nodes of 4 mice/genotype). 

 

Figure 5. 
(A) Distribution of CD4+ and CD8+ T cells in mesenteric (MLN), axilary (ALN), 

brachial (BLN), and inguinal lymph node (ILN) of WT (black columns), T-huCCR7ki 

(open columns), and STOP-huCCR7 (hatched columns) mice. Absolute cell counts 

were determined for CD4+ and CD8+ T cells (mean +SD; n = 3 mice/genotype; 1 

representative of 4 experiments performed)  

(B) Cells isolated from peripheral lymph nodes and spleen of WT (black column) and 

T-huCCR7ki (hatched column) were labeled with TAMRA and CFSE, respectively. 

Labeled cells were i.v. transferred to WT or T-huCCR7ki recipients as indicated. 3h 

after injection the mice were sacrificed and lymphocytes were isolated from SPL, 

ALN, BLN, and ILN to recover transferred cells. Absolute cell count of recovered 

CD3+ lymphocytes are shown (mean +SD; n = 4 recipients/group). 

 

Figure 6. 
(A) Measurement of high endothelial venule (HEV) length and lymph node (LN) 

section area in WT (black columns) and T-huCCR7ki (open columns) mice. ILN 

cryosections were stained with anti-CD31 and Meca79 mAb and DAPI and analyzed 

by fluorescent microscopy and morphometry. Based on DAPI staining the LN section 

area (left panel) has been determined. The length (µm) of the HEV has been 

determined on the basis of CD31+Meca79+ endothelial cells (middle panel). The right 

panel indicates the length of the HEV in relation to the section area of the LN (mean 

+SD; n = 16 section derived from 8 ILN per group)  

(B) Adoptive transfer of WT T cells in WT and T-huCCR7ki mice. Lymphocytes were 

isolated from peripheral LN and spleen of WT mice, pooled, and MACS-sorted for T 

cells. After labeling with TAMRA, T cells were injected into the tail vein for 30 min. 

8µm cryosections of the ILN of recipients were stained with anti-CD31 and Meca79 

mAb. The micrographs display the positions (I to V) of labeled T cell that were 

analyzed in (C). I: inside HEV without obvious contact to endothelial cells; II: attached 
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to the luminal surface of HEV; III: between HEV endothelial cells; IV: attached to the 

abluminal surface of HEV; V: in the LN without obvious contact to HEV. 

(C) Cell count of transferred T cells in ILN of WT (dots) and T-huCCR7ki (triangles). 

The left panel shown Cell counts of transferred T cells are shown per LN section (left 

panel) or LN section area (right panel; dots and triangles indicate individual sections, 

and red bars mean values obtained from 16 sections of 8 ILN per genotype.) 

  

Figure 7. 
(A) Immature BM-DC were injected s.c. into the right and PBS into the left flank and 

foot pad of CCR7-deficient mice. 5 days later the number of CD31+MECA79+ cells in 

the popletial and inguinal LN have been determined. (B) Same as (A) but these mice 

additionally i.v. received TAMRA-labeled WT or CCR7-/- lymphocytes. After 30 min 

mice were killed, inguinal, brachial and popletial lymph nodes were analyzed. Dots 

indicate LN pairs, red bar mean values.  

(C) Immunohistology of popletial LN of T-huCCR7ki mice 5 days after s.c. injection of 

immature BM-DC into the footpad. 8µm cryosections of 6–8-wk-old mice were 

stained with antibodies against CD3 (green) and B220 (red). Shown are sections 

representative for 6 LN analyzed per group. 

(D) Analysis of the section area of popletial LN in T-huCCR7ki mice 5 days after s.c. 

injection of PBS (open circles) or immature BM-DC (filled circles) into the footpad. 

Dots indicate LN from 9 mice, red bars indicate mean values.  

(E) immature BM DC were labeled with CFSE and then injected s.c. in the flank and 

footpad of T-huCCR7ki mice. After 5 days the cellularity of the draining LN has been 

determined and correlated to the number of homed DC. R indicates the correlation 

constant. Pooled data from 9 PLN of 3 mice. (F) Popliteal LN from mice receiving 

PBS or DC s.c. into the footpad were harvested at day 5 and analyzed for the 

expression of VGEF using ELISA. 

 
Figure 8. 
(A) Flow cytometry of cells isolated from PLN of T-huCCR7ki mice (left) and T-

huCCR7ki/RAG2-/- (right) chimeras. The expression of huCCR7 is shown for MHC-II+ 

CD11c+ cells. 
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(B) Immunohistology of peripheral lymph node of T-huCCR7ki (left) and T-

huCCR7/Rag1-/- mice. 8µm cryosections of PLN  were stained with antibodies against 

CD3 (green) and B220 (blue).  

(C) Lymphocytes were isolated from the PLN of T-huCCR7ki mice (filled circles) and 

T-huCCR7ki/Rag2-/- chimeras (open circles). The ratio of T cells to B cells is shown.  

(A-C) Data of n= 10 mice and 20 PLN, respectively. 

(D) Egress of lymphocytes in the PLN of WT and T-huCCR7ki mice. TAMRA labeled 

WT cells were transferred to WT and T-huCCR7ki mice. 24 hours later one part of 

the mice was killed as a control while the other part was treated with the L-selectin 

blocking antibody Mel 14. Another 14 hours later treated mice were sacrificed. 

Lymphocytes were isolated from PLN and analyzed by flow cytometry. The panel 

shows the ratio of T cells to B cells in antibody treated and untreated WT and T-

huCCR7ki mice. Representative data of one experiment from two experiments 

performed with 28 mice. 

(E) Egress of lymphocytes in the PLN of WT mice. The experimental setup is 

identical to the one described for (D) with an additional groups receiving anti-ICAM or 

isotype control antibodies after 24 hrs. Data from 2 independent experiments with 8 

mice per group, dots represent individual LN.  

 

Figure 9. 
(A) Analysis of CCL21 expression in PLN of T-huCCR7ki mice and T-

huCCR7ki/Rag2-/- chimeras. Crysections were stained with an antibody against 

CCL21 and analyzed for the expression of CCL21 (red). 

(B) The panel indicates the mean of CCL21 intensity per pixel of PLN cryosection of 

T-huCCR7ki mice (filled circles) and T-huCCR7ki/Rag2-/- chimeras (open circles). 

Each circle represents the intensity per pixel of one PLN cryosection. (C) The amount 

of CCL21 present in the inguinal LN of T-CCR7ki mice 5 days after the s.c. footpad 

injection of PBS or DC. (D) CD11c-DTRtg mice received either PBS or DT as 

indicated. After 5 days animals were sacrificed skin-draining LN were isolated and 

analyzed for the percentage of T and B cells. Shown are T/B ratios of individual LN. 

 

Figure 10 
DC bind CCL21 (A) qRT-PCR analysis for the expression of CCL21 relative to the 

expression of the stromal specific gp38 and pdgra in LN from T-CCR7ki/ Rag2-/- and 
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T-CCR7ki bone marrow chimeras. (B) Co-localization of CD11c and CCL21 on 

Cryosections from LN of B6 mice. (C) Wild type (wt) or CCR7-/- bone marrow derived 

DC were incubated at 4°C with CCL21 at concentrations indicated. After extensive 

washing binding of CCL21 to DC was revealed with anti-CCL21 antibodies using flow 

cytometry 
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