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Zusammenfassung

Die Einwanderung von Lymphozyten und Dendritischen Zellen in, und deren Migration

innerhalb sekundärer lymphatischer Organe wird durch den Chemokinrezeptor CCR7 ko-

ordiniert. Diese Funktion von CCR7 ist zentral für die Immunüberwachung sowie der

Induktion und Aufrechterhaltung von Toleranz und adaptiver Immunantworten. Obwohl

die Funktion von CCR7 in der Koordination der Migration verschiedener Immunzellen

gut beschrieben ist, beginnen wir gerade erst die molekularen Mechanismen, die es er-

möglichen, dass ein Rezeptor die Funktion so unterschiedlicher Zelltypen reguliert zu

verstehen. Im Rahmen dieser Dissertation werden neue Mechanismen beschrieben, die

zeigen wie die Signaltransduktion von CCR7 reguliert werden kann. Einerseits kann

die Verteilung von CCR7 innerhalb einer Zelle verändert werden. In verschiedenen Zell-

typen, auch abhängig vom Grad der Maturierung und der Zelldi�erenzierung, ist ein un-

terschiedlich groÿer Anteil von CCR7 intrazellulär lokalisiert. Dieser intrazelluläre Anteil

des Rezeptors wurde bereits beschrieben, jedoch war die Funktion bisher unbekannt. Die

hierin beschriebenen Ergebnisse zeigen eine neue Funktion für den intrazellulär lokalisierten

Anteil von CCR7. Er bildet eine Plattform für die Formierung eines Endomembran-

spezi�schen Signalkomplexes. Dieser Endomembran-spezi�sche Signalkomplex nutz den

Golgi-Apparat als �Kompass� um den aktiven Signalkomplex, der an Endomenbranen

gebildet wurde, in Richtung der Vorderseite der polarisierten Zelle zu senden, was eine

Rolle in der gerichteten Migration entlang Chemokingradienten spielen könnte. Weit-

ere Untersuchungen ergaben, dass die Signaltransduktion von CCR7 auch durch post-

translationale Modi�kation reguliert werden kann. Hierin wird gezeigt, dass die Glyko-

sylierung von CCR7 auf verschiedenen Immunzellen unterschiedlich ist und sie sich je

nach Maturierung und Di�erenzierung der Zellen verändert. Hierbei wird durch die un-

terschiedliche Glykosylierung die Sensitivität des Rezeptors für seine Liganden verändert,

was dazu führt das verschiedene Zelltypen unterschiedlich auf die Stimulation von CCR7

reagieren.

Des Weiteren wird in dieser Dissertation gezeigt, dass CCR7 costimulatorisch auf die Ak-

tivierung von T Zellen wirkt, dies wurde bisher noch nicht in einem humanen System

gezeigt. Darüber hinaus werden in dieser Doktorarbeit auch Mechanismen beschrieben,

die erklären auf welche Weise CCR7 diese costimulatorische Aktivität ausführen kann.

Einerseits durch Erhöhung und Verlängerung der Kinase-Aktivität von ZAP70, eines der

Schlüssel-Proteine in der Signaltransduktion des T Zell Rezeptors. Andererseits, könnte

CCR7 durch verbesserte Adhäsion von T Zellen an Antigen präsentierenden Zellen costim-

ulatorisch wirken. Stimulation von CCR7 führt zu Cluster-Bildung des Integrins LFA-1,



wobei ZAP70 als Adapter-Molekül eine essentielle Funktion besitzt.

Neben seiner Funktion in der adaptiven Immunantwort ist CCR7 auch dafür beschrieben

in verschiedenen Krebsarten exprimiert zu werden. CCR7 spielt zum Beispiel eine Rolle

bei der Bildung von Metastasen in Lymphknoten. In dieser Dissertation wird nun eine

Verbindung zwischen ZAP70 und Integrinen, beide negative prognostische Marker in B

Zell chronischer lymphatischer Leukämie (B-CLL), und CCR7 aufgezeigt. Auch hier ist

die Cluster-Bildung von Integrinen nach Liganden-Bindung an Chemokinrezeptoren ab-

hängig von ZAP70. Das zeigt sich in der vermehrten Adhäsion von ZAP70-exprimierenden

B-CLL Zellen, verglichen mit B-CLL Zellen die kein ZAP70 exprimieren, nach Chemokin-

Stimulation auf immobilisierten Integrin-Liganden und Endothelial Zellen unter physiolo-

gischen Strömungsbedingungen.

Zusammenfassend gibt diese Dissertation neue Einsicht in die Regulation der Funktion

von CCR7 auf verschiedenen Zelltypen, was CCR7 ermöglicht seine vielfältigen Funktio-

nen in der adaptiven Immunantwort zu erfüllen. Des Weiteren wird in dieser Doktorar-

beit die Existenz eines Endomembran-spezi�schen CCR7 Signalkomplexes beschrieben,

der eine neue Funktion des intrazellulären Anteils von CCR7 aufzeigt. Auÿerdem wird

hierin die Interaktion von CCR7 mit ZAP70 untersucht. ZAP70 ist in der Costimulation

der Aktivierung von T Zellen durch CCR7 und in der Signaltransduktion zu Integrinen

involviert. Darüber hinaus wird eine Verbindung zwischen CCR7-vermittelter Signaltrans-

duktion und den negativen prognostischen Markern ZAP70 und CD49d in B-CLL gezeigt,

dies hilft dabei die aggressive Krankheit von Patienten mit ZAP70-Expression in B-CLL

Zellen zu verstehen.



Summary

By orchestrating homing of lymphocytes and mature dendritic cells into secondary lym-

phoid organs, CCR7 and its ligands are essential for immune surveillance and induction

and maintenance of central and peripheral tolerance and adaptive immune responses. Al-

though the functions of CCR7 in coordinating the migration of di�erent subsets of immune

cells in adaptive immunity are well described, we are just beginning to understand the

molecular mechanisms of how signaling of CCR7 can be modulated to coordinate the

functions of such diverse cell types. In this dissertation new mechanisms, how CCR7

signaling can be modulated, are described. On one hand, this can be done by regulating

the the size of the intracellular pool of CCR7 that is di�erent, depending on cell type and

di�erentiation or maturation state. We show that the intracellular pool of CCR7 serves as

platform for an endomembrane speci�c signaling complex, using the Golgi as �compass�,

to mediate polarized tra�cking of the endomembrane speci�c signaling complex, that

might be important for directional migration. On the other hand, CCR7 signaling can

be regulated by post-transcriptional modi�cation of the receptor. Glycosylation of CCR7

modulates receptor sensitivity for its ligands and CCR7 is di�erentially glycosylated on

di�erent cell types. Moreover, glycosylation changes during di�erentiation or maturation

regulating the sensitivity of di�erent cells to respond to stimulation of CCR7.

Furthermore, in this dissertation CCR7 is shown to act as costimulatory molecule for T

cell activation in a human system for the �rst time. Moreover, mechanistic insights are

provided on how CCR7 conducts its costimulatory e�ect, via enhancing and prolonging

ZAP70 kinase activity. Additionally, ZAP70 works as adapter protein downstream of

CCR7, to initiate clustering of LFA-1.

Besides its role in adaptive immunity, CCR7 is described to be expressed in di�erent can-

cers and to be involved in the formation of metastasis, especially in lymph nodes. In this

dissertation a link between the two negative prognostic markers, integrins and ZAP70,

and CCR7 in B cell lymphocytic leukemia (B-CLL) is provided. This study demonstrates

that chemokine-induced clustering of integrins depends on expression of ZAP70, and that

ZAP70-positive B-CLL show more initial arrest upon chemokine triggering on immobi-

lized integrin ligands and endothelial cells under �ow.

In summary, this dissertation provides new insights into the regulation of CCR7 func-

tion on di�erent cell types, allowing CCR7 to ful�ll its manifold functions in adaptive

immunity. For the �rst time, evidence for endomembrane signaling of CCR7 is provided,

implicating a novel function for the intracellular pool of CCR7. In addition, by investi-

gating ZAP70 as novel interaction partner of CCR7, herein a new signaling pathway of



CCR7 is described. ZAP70 in CCR7 signaling in T cells is involved in costimulation of

T cell activation by CCR7 and in CCR7-integrin signaling. Moreover, in this dissertation

a link between the two negative prognostic markers ZAP70 and CD49d and CCR7 in

signaling of B-CLL cells was uncovered. This helps to understand the pathomechanism

of the aggressive disease of ZAP70-positive B-CLL patients.
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General Introduction

The innate and adaptive immune system have evolved to protect the body from pathogens.

The innate immune system forms the �rst, early, line of defense. The adaptive immune

response takes several days to be fully evolved, and forms the second line of defense in

the �ght of our body against pathogens. For the proper function of the adaptive immune

system it is essential that immune cells are located at the right place at the right time

to execute their functions. Chemokines and their receptors coordinate the migration

of diverse types of immune cells in space and time to induce and maintain central and

peripheral tolerance and to mount an adaptive immune response when needed.

1.1 Chemokines and their receptors

Chemokines make a central contribution to a diverse range of physiological and patho-

logical processes including immune system development and function, embryogenesis, in-

�ammation, wound healing, tumorigenesis and cancer metastasis. Indeed, almost every

facet of the immune system is in�uenced by chemokines, besides the well-known role in

leukocyte tra�cking, chemokines are essential for: immune system development, immune

surveillance, immune priming, e�ector responses and immune regulation [1�6]. To act

speci�cally on the function of di�erent cell types, di�erent subsets of leukocytes express

diverse sets of chemokine receptors, enabling them to respond to appropriate ligands

[6]. Due to their versatile functions, there are many cellular and biochemical mecha-

nisms, by which the interactions of chemokines with their receptors are regulated e.g.

variation of expression, degradation and localization, post-translational modi�cations, se-

lective and competitive binding interactions, genetic polymorphisms, mRNA splice vari-

ation, oligomerization, down-regulation by atypical (decoy) receptors, and interactions

with cell-surface glycosaminoglycans (GAGs) [6].

1.1.1 Chemokines

Chemokines belong to a family of structurally related peptides, they are chemotactic

cytokines and their best-described function is the mediation of chemotaxis of target cells,

expressing appropriate receptors. Chemokines are critical orchestrators of immune cell

migration and positioning in homeostasis, to maintain structural organization within lym-

phoid organs, and during the generation and regulation of adaptive immune responses
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1 General Introduction

in the lymphoid system and peripheral non-lymphoid tissue [7, 8]. In addition some

chemokines are regulators of angiogenesis and angiostasis, and some possess antibacterial

activity [9, 10].

CXCL8 (IL-8) and CCL2 (MCP-1) were the �rst chemokines identi�ed in the 1980s [11].

Today, chemokines constitute the largest family of cytokines, as 46 human chemokines are

described [1, 8]. They are 8-13kDa proteins containing 1-3 disul�de bonds. Despite their

highly variable sequence homology, ranging from 20% to 80%, they have highly conserved

tertiary structures [12]. The �rst chemokine whose structure was resolved was CXCL8

in the 1990s. It revealed the basic tertiary structure of all chemokines consisting of a

disordered N-terminal �signaling domain�, a conserved double-cysteine motif, followed by

a structured �core domain� including the N-loop, consisting of a 8-9 residue unstructured

loop, followed by a single turn of a 310 helix, a three-stranded β-sheet and a C-terminal

α-helix (Figure 1.1) [13�17].

Figure 1.1: Protein structure of the chemokines CCL19 and CCL21. Solution structure of CCL19 [18].
X-ray crystallographic structure of truncated CCL21 (residues 1-79) [19].

In 2000, a system for nomenclature of chemokines, based on the arrangement of the

conserved N-terminal two cysteine residues was introduced. According to this system,

chemokines are divided into four subfamilies: CXC, CC, (X)C, CX3C chemokines [20].

Furthermore, chemokines can be divided into the functional groups of in�ammatory, home-

ostatic, and dual-function chemokines. Homeostatic chemokines are �master regulators�

of the movement and localization of lymphocyte and dendritic cell subsets in the body [21,

22]. Whereby in�ammatory chemokines are upregulated under in�ammatory conditions

to mediate the recruitment of leukocytes to in�amed tissues [11].
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1.1 Chemokines and their receptors

Chemokines bind to chemokine receptors, that are G protein coupled receptors (GPCRs),

resulting in conformational changes of the receptor that trigger intracellular signaling

pathways involved in cell movement and activation [12]. When binding to chemokine

receptors, chemokines are postulated to act through two distinguishable sets of interac-

tions. Namely, interactions mediating high-a�nity binding to receptors and interactions

responsible for stabilizing the active conformation of the receptor [23�27]. These �ndings

led to the common model for chemokine binding to chemokine receptors, the two-step

two-site model. It describes that chemokines bind to receptors in a two-step mechanism

of receptor activation that involves two distinct binding sites [16]. In this model, it is

postulated that the chemokine receptor N-terminus recognizes the chemokine globular

core (chemokine recognition site 1), followed by binding of the unstructured chemokine

N-terminus in the receptor transmembrane bundle (chemokine recognition site 2) [28�

31]. Early studies of the binding of CXCL8 to its receptor revealed the critical role of

the chemokine N-terminus, binding chemokine recognition site 1, in receptor activation.

Moreover, it was suggested that receptor binding and receptor activation are separate

processes [32]. Furthermore, it was shown that modi�cations of the N-terminus of dif-

ferent chemokines could even turn agonists into antagonists for their receptors [23, 33].

The chemokine N-loop and the loops connecting the β-sheet strands are supposed to be

involved in high-a�nity binding [26, 27]. Thus, it is suggested that chemokine recognition

site 1 is important for recognition of the chemokine and high a�nity and speci�city, and

chemokine recognition site 2 is important for receptor activation by stabilizing the active

conformation of the receptor [31]. New structures and models con�rmed the existence of

chemokine recognition site 1 and 2, these models also showed that these are not distinct

sites, but that they are parts of a single contiguous interface and are connected by an

intermediate region, the chemokine recognition site 1.5 [17, 34].

1.1.2 Chemokine receptors

Chemokine receptors contain seven helical membrane-spanning regions, and belong to the

GPCR family. GPCRs comprise the largest family of membrane proteins, with currently

about 800 identi�ed members. There is great interest in deciphering the structure and

molecular mechanisms of GPCR ligand binding and signal transduction, as GPCRs are

one of the most important targets for drugs, acting as targets for over 40% of all marketed

drugs [35]. Drugs targeting GPCRs are used to treat many diseases for example central

nervous system disorders, in�ammatory diseases, metabolic imbalances, cardiac diseases,
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1 General Introduction

and cancer [35, 36]. Despite great e�orts, only two drugs targeting chemokine receptors

are on the marked, one CCR5 antagonist (Maraviroc) that is used for inhibition of HIV

infection [37�39], and one antagonist of CXCR4 (Mozobil) that is used for mobilization

of stem cells from the bone marrow e.g. in patients with lymphoma or multiple myeloma

[40�42].

Human GPCRs are grouped into four families, according to sequence similarities and

pharmacological properties: rhodopsin-like receptors (class A), secretin and adhesion re-

ceptors (class B), glutamate receptors (class C), and frizzled/taste2 receptors (class F)

[35, 43]. GPCRs can be activated by a versatile range of stimuli e.g. photons, ions, neuro-

transmitters, lipids, hormones, and chemokines and, when activated, initiate downstream

signaling by coupling to G proteins [35, 44]. All chemokine receptors belong to the γ sub-

family of class A of rhodopsin like GPCRs [45] and couple to Gαi class of heterotrimeric

G proteins [22].

Until today 18 chemokine receptors and 5 atypical chemokine receptors are identi�ed [11,

46]. Chemokine receptors are grouped into four groups according to the subfamily of their

major chemokine ligands [22]. This is not always easy to distinguish, as one chemokine

receptor can bind di�erent chemokines and one chemokine can be a ligand for di�erent re-

ceptors [7]. Interestingly, a chemokine that is a ligand for one chemokine receptor can also

be an antagonist for another chemokine receptor. For example the ligands of CCR3 and

CXCR3 are natural antagonists of each other [47, 48]. Moreover, it is reported for some

chemokines that they can act synergistically on one receptor [49]. This is especially impor-

tant in chemokine-rich tissues, where chemokine induced synergism can render leukocytes

more sensitive to respond to migratory cues. This was shown for several chemokines that

did, in low concentration, not induce chemotaxis themselves but rendered a chemokine

receptor more sensitive to its ligands [49, 50]. Not all chemokine receptor ligands are

necessarily chemokines as extracellular ubiquitin was shown to act as a natural agonist of

CXCR4 [51]. Moreover, antimicrobial peptides have been shown to possess chemotactic

activity [10]. For example, the antimicrobial peptide β-defensin was shown to be a ligand

for CCR6, this might be a mechanism to recruit dendritic cells (DCs) to sites of microbial

invasions [52].

This promiscuous system of chemokine receptors and chemokines has led to the concept

of biased signaling that was introduced by Kenakin in 1995 as �agonist tra�cking� [53,

54]. The idea of biased signaling is, that di�erent agonists of one receptor have di�erent

a�nities and induce diverse conformational states of the same receptors, inducing various

signaling pathways [54]. Biased signaling can be divided into three forms: ligand bias

where one receptor mediates di�erent signaling pathways by binding di�erent ligands, re-
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1.1 Chemokines and their receptors

ceptor bias where one ligand induces di�erential signaling by binding to di�erent receptors,

and tissue/cell bias where a given ligand for a certain receptor initiates di�erent signaling

in di�erent tissue contexts [54]. Recent studies support this hypothesis [55�58]. Biased

signaling in the complex network of chemokines and chemokine receptors might be one

way how the signaling network is �ne-tuned, to ful�ll its manifold functions [59]. One

example for ligand-biased signaling are the two ligands of the chemokine receptor CCR7,

they bind the same receptor, but induce di�erent responses [60].

1.1.2.1 Structure of chemokine receptors

As described above, all chemokine receptors have 7 transmembrane-spanning helixes

(TM1-7). Furthermore, they all have an unstructured N-terminus and three extracel-

lular loops (ECL1-3), that are exposed to outside the cell, whereas their C-terminus and

three intracellular loops (ICL1-3) face the cytoplasm [12]. Moreover, the intracellular

C-terminal region of GPCRs is expected to contain an additional helix (helix 8) and a

site for attachment for a lipid anchor [6]. Like most GPCRs, chemokine receptors have a

disul�de bond connecting their �exible N-terminus to ECL3 [17]. Besides the structures of

the bovine rhodopsin receptor and β2 adrenergic receptor, that were the �rst GPCR struc-

tures that were solved [61, 62], also the structures of the chemokine receptors CXCR4,

CCR5, and CXCR1 are solved [34, 63�65]. CXCR4 was the �rst chemokine receptor

that was crystallized bound to an antagonist, the viral chemokine vMIP-II (Figure 1.2)

[34]. This study con�rmed the two-site model of chemokine:chemokine receptor binding.

Moreover, as described above, a putative chemokine recognition site 1,5 was added to the

model as every residue of the chemokine N-terminal domain and N-loop (residue 1-16) as

well as residues in the third β-stand of the chemokine were shown to interact with the

receptor [16, 34].

Studies of chemokine receptor structures, and other class A GPCRs, revealed that ac-

tivation of all class A GPCRs involves the same overall helical movements [54, 66�68],

that are regulated by speci�c domains, so-called microswitches [44, 69]. Analysis of the

structure and structural rearrangements after agonist binding, of the β2 adrenergic recep-

tor that was the �rst structure of a GPCR that was solved in complex with agonist and

G-protein, revealed di�erences in the structure of inactive and activated GPCRs [70]. It

showed that binding of the G protein stabilizes the TM5 and TM6 helices and leads to

an outward movement of the C-terminus of TM5 and the cytoplasmic end of TM6 and

ICL3. Furthermore, it induces a small inward-shift of the turn between the C-terminus

5



1 General Introduction

of TM7 and the N-terminus of helix 8 and the formation of a short helix in ICL2 [70�72].

Moreover, structural analysis showed that, TM5 and TM6 are extremely important for

G protein binding, forming the two major binding interfaces for Gαs. The �rst binding

interface is formed by the cytoplasmic surfaces of the outward-shifted TM5, TM6 and

ICL3, that interact with the C-terminal tail of Gαs, and the second interface is formed

by ICL2 [70, 72, 73]. The structural analysis also revealed that TM7 and helix 8 do not

contact the G protein and thus are supposed to be involved in receptor phosphorylation

(by GRKs) and recruitment of β-arrestins [54, 74, 75]. Correspondingly, studies inves-

tigating the inactive and active structure of β2 adrenergic receptor and other GPCRs

gave insight into the mechanism of biased signaling. Unbiased ligands primarily induce

shifts towards the active state involving the outward-movement of TM5 and TM6, ini-

tiating G protein coupling and downstream signaling by the subunits of the trimeric G

protein. Whereas β-arrestin biased agonists predominantly change the conformational

state of TM7, in�uencing β-arrestin recruitment (Figure 1.4 A on page 14) [54, 56, 72].

Figure 1.2: Solved structure of CXCR4 bound to
viral antagonist cMIP-II. Transmembrane domains
of CXCR4 are depicted in red. Intracellular (below
blue plane) and extracellular (above red plane) parts
of CXCR4 are shown in white. The viral antagonist
cMIP-II is depicted in blue. Figure adapted from
[34].

1.1.2.2 Chemokine receptor signaling

In the classical model of GPCR signaling, receptors mediate signaling via heterotrimeric

G proteins. Compared to the large number of di�erent GPCRs, there is only a relatively

small number of di�erent G protein subunits. In humans, there are 21 di�erent Gα sub-

units, 6 Gβ subunits and 12 di�erent Gγ subunits [76]. According to their sequence and
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1.1 Chemokines and their receptors

function, Gα proteins are divided in four classes, for example Gαq activates PLC to in-

crease the intracellular level of calcium, Gαs stimulates production of cAMP, and Gαi,

which is used by all chemokine receptors [77], inhibits the production of cAMP [6, 78].

Two contrary models exist of how G proteins are encountering the active, agonist-bound

receptor. In the �collision coupling� model, it is supposed that the G protein only inter-

acts with agonist-bound receptors and interactions occur as result of free lateral di�usion

within the plasma membrane. The second model is the �precoupled� model. This model

describes that G proteins already interact with GPCRs in their inactive state [76, 79].

Recent studies tend to support the �precoupled� model [76]. Irrespective of �precoupling�

or �collision coupling�, upon ligand binding, that induces conformational rearrangements

(as described in section 1.1.2.1 on page 5 ), GPCRs work as guanine nucleotide exchange

factors (GEFs), inducing the Gα subunit of the heterotrimeric G protein to exchange

GDP (inactive form) by GTP (active form) and to dissociate from the Gβγ subunits [76,

79]. Both, the Gα and the Gβγ subunits are able to interact with downstream e�ectors to

mediate signaling. Gβγ for example regulates ion channels, and activates the PKC/PKA

pathways to mediate ERK1/2 phosphorylation [6]. After dissociation of the heterotrimeric

G protein and G protein-dependent signaling, chemokine receptors are phosphorylated by

G protein coupled receptor kinases (GRKs), leading to β-arrestin recruitment and uncou-

pling of the receptor from the G protein, initiating endocytosis and desensitization of the

receptor [80]. Internalized receptors are either recycled to the cell surface for resensitiza-

tion, or degraded for persistent desensitization of the receptor [79, 81, 82].

For coupling of GPCRs of the rhodopsin-like class A to G proteins, the DRY motif is

described to be vital [83]. It is located at the border between TM3 and ICL2 and is

described to be important for coupling of G proteins and to stabilize the receptor in its

inactive conformation [84�86]. It is one of the above mentioned microswitches. It keeps

the receptor in an inactive conformation by the so-called �ionic-lock�, that is formed be-

tween the arginine of the DRY motif and a negatively charged residue in TM6. Thereby,

the �ionic-lock� constrains the relative mobility of TM3 and TM6 to keep the receptor

in its inactive conformation [87, 88]. For two chemokine receptors, CCR7 and CCR5, it

is shown that mutation of the arginine (R) of the DRY motif to asparagine (N) renders

the chemokine receptor unable to couple with G proteins [89, 90]. And for CCR5 it is

described that the DNY mutant is constantly phosphorylated at serine and threonine

residues, meaning that it is constantly bound to β-arrestins. This might inhibit G protein

binding to the receptor [89].
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In addition to this classical model of GPCR signaling, there are recent studies, supporting

the hypothesis of biased signaling, meaning that chemokine receptors can not only signal

in a G protein-dependent manner, but also in an G protein-independent and β-arrestin-

dependent manner [91, 92]. There is accumulating evidence, that β-arrestins not only

regulate receptor desensitization, but work as sca�old proteins in chemokine receptor

signaling e.g. recruiting non receptor tyrosine kinases, PI3K, and MAPK (ERK1/2)

to agonist bound chemokine receptors [80, 91, 93�95]. Biased signaling was shown for

several chemokine receptors, binding di�erent ligands that induce di�erential signaling

e.g. CCR1, CCR2, CCR5, CCR10, CXCR3, and CCR7 [54, 60]. It is striking, that most

chemokine receptors, showing biased signaling, are involved in in�ammatory processes,

with the exception of the receptor for the homeostatic chemokines CCL19 and CCL21,

the CC chemokine receptor CCR7 [60].

1.2 The chemokine receptor CCR7

The chemokine receptor CCR7 was discovered as the �rst lymphocyte-speci�c, but or-

phan, GPCR in 1993 and was named Epstein-Barr virus-induced gene 1 (EBI1) [96]. The

gene, encoding EBI1 (CCR7) was described to be localized on chromosome 17q12-21.2

[97]. Two years later, another group identi�ed Burkitt's lymphoma receptor 2 (BLR2),

that turned out to be also CCR7 [98]. Soon thereafter, the �rst ligand of EBI1/BLR2, the

homeostatic chemokine CCL19, was discovered, and the receptor was renamed to CCR7

[99].

CCR7 is expressed on various subsets of immune cells. On semi-mature [100] and mature

DCs [101�103], on natural killer (NK) cells [104], on thymocytes during de�ned stages

of development [105], regulatory T cells [106], central memory T cells [107, 108], and

on naive B and T cells [107, 109]. Moreover, CCR7 is described to be expressed on

non-immune cells, e.g. on di�erent cancer cells [108, 110]. CCR7 is essential for the ini-

tiation and maintenance of adaptive immune responses. It regulates the homing of DCs

and lymphocytes into secondary lymphoid organs. T cells constitutively express CCR7

and steadily recycle between the blood stream and secondary lymphoid tissues [108, 111].

To enter secondary lymphoid tissues via high endothelial venules (HEVs), they require

CCR7-ligands, that are immobilized on the luminal side of HEVs [112, 113]. Homing of

T cells through HEVs occurs in a process involving 4 steps: tethering and rolling, acti-

vation of CCR7 by its ligands, integrin-mediated arrest, and transendothelial migration

[108, 113�116]. Having entered the lymph node via HEVs, T cells continue to migrate
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in a CCR7 and Gαi-dependent manner to the T cell zone of lymph nodes, where they

scan DCs for their cognate antigen [117, 118]. Immature DCs do not express CCR7, they

acquire CCR7 expression during maturation after encountering antigens and/or immunos-

timulatory �danger�-signals (e.g. tissue damage, pathogens, or in�ammatory mediators)

[108, 119�122]. Mature DCs then home into lymph nodes via a�erent lymphatic vessels,

following gradients of CCR7-ligands, to induce adaptive immunity [103, 123] (summarized

in Figure 1.3 on page 10). Another subset of DCs, the so-called semimature DCs express

CCR7 without encountering �danger� signals and home to lymph nodes. Thus, semima-

ture DCs, in a CCR7-dependent manner, are thought to contribute to peripheral tolerance

[100, 108]. Moreover, CCR7 and its ligands are essential during development to form sec-

ondary lymphoid structures, the CCR7-axis orchestrates the recruitment of immune cells

to proper sites in these structures [108, 124]. This is also re�ected by either CCR7 knock-

out mice [125], or the plt/plt (paucity in lymph node T cells) mice [126], that are de�cient

for CCL19 and the lymphoid form of CCL21 and show an altered micro-architecture of

secondary lymphoid organs and impaired homing of lymphocytes and DCs [125�127]. In-

terestingly, this phenotype is not observed in mice that are de�cient of CCL19, and only

express CCL21, indicating a more prominent role of CCL21 in this process [128]. More-

over, in plt/plt mice defects in adaptive immunity were reported and these mice are also

prone to develop multi-organ autoimmunity [108, 124, 129, 130]. Pointing to a role for

CCR7 and its ligands in both, initiation and maintenance of adaptive immunity and in

establishing tolerance.

1.2.0.1 The homeostatic chemokines CCL19 and CCL21

The chemokine receptor CCR7 has two ligands, the homeostatic chemokines CCL19 (ELC,

MIP-3β, exodus-3) [131] and CCL21 (SLC, 6-C-kine, TCA4, exodus-2) [132]. While hu-

mans only have one form of CCL21, mice have multiple copies of CCL21 on their genome,

encoding for two CCL21 proteins that di�er by one amino acid at position 65, either a

serine or a leucine residue. The serine form is the predominant form in lymphoid tis-

sues, and the leucine form is expressed in non-lymphoid organs [133, 134]. CCL19 and

CCL21 are both ligands for the same receptor, despite this, they only share a sequence

homology of 25%. Structurally, the most outstanding di�erence is the 37 amino acids

long C-terminal tail of CCL21. This tail is highly positive charged and is responsible for

CCL21 GAG-binding and thus immobilization of the chemokine [135, 136]. CCL19 lacks

this C-terminal tail and does not bind to GAGs with high a�nity [135]. Despite these
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Figure 1.3: Lymph node homing of mature DCs and naive lymphocytes is mediated by CCR7 and
its ligands. Mature DCs home into LN by a�erent lymphatic vessels, where lymphatic endothelial cells
(LECs) secrete CCL21. Within the LN mature DCs follow the gradient of CCL19 and CCL21 that are
produced in the paracortex by FRCs. Lymphocytes home into LN via HEVs and migrate within the
lymph node to the paracortex, in a CCR7-dependent manner, where they scan mature DCs for their
cognate antigen. Figure adapted from [124].

di�erences, the two ligands bind CCR7 with similar a�nity [131, 132, 137, 138].

CCL19 and CCL21 binding to CCR7 is supposed to be consistent with the two-step two-

site model. However, di�erent to most chemokines, where the N-terminus is thought to

stabilize the conformation of the active receptor, and not to be important for high a�nity

binding of the receptor [139�141], the N-termini of CCL19 and CCL21, despite the low

sequence similarity, are supposed to be also involved in high-a�nity binding to CCR7

[141, 142]. The two-step two-site model was also con�rmed on the receptor side, a study

identi�ed sites that are involved in CCL19 and CCL21-mediated receptor activation, but

not in high-a�nity binding, as well as a site that distinguishes CCL19 and CCL21 in their

properties to activate their receptor [141].

Both CCR7 ligands are constitutively expressed in primary and secondary lymphoid tis-

sues [108, 110], they are produced by stromal cells in the T cell zones of lymph nodes
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[126, 138]. Additionally, CCL19 is secreted by mature DCs [143], and CCL21 is produced

by endothelial cells of a�erent lymphatic vessels [103, 119, 126, 144�146]. Additionally,

CCL21 is produced by HEVs in mice [112], but not in humans [113, 147]. Despite this,

CCL19, and to a greater extend, due to its ability to be immobilized by GAG-binding,

CCL21 are presented on the luminal surface of HEVs in humans, as they are transcytosed

through HEVs [148]. Interestingly, for the formation of chemokine gradients in lymph

nodes with highest concentration in T cell zones, and lowest concentration in the sub-

capsular sinus, CCL21, and probably also CCL19, are scavenged by ACKR4, an atypical

chemokine receptor that is expressed by a subset of LECs in the subcapsular sinus [149].

ACKR4 de�cient mice had a defect in DC homing into LNs [149]. However, homing of T

cells was not a�ected by loss of ACKR4 [149].

While both chemokines, CCL19 and CCL21, induce polarization of the cytoskeleton and

mediate directional migration, most prominently CCL21, immobilized via its C-terminus

to surfaces e.g. HEVs, induces integrin activation under �ow and mediates haptotactic

movement of cells [150, 151].

1.2.0.2 Haptotaxis by CCL21 immobilized on GAGs

Glycosaminoglycans (GAGs) are carbohydrate structures that are attached to protein

cores of proteoglycans on cells or shed into extracellular matrix. They facilitate the im-

mobilization of chemokines and the formation of haptotactic chemokine gradients [16, 152].

GAGs are important for the �ne-tuning of migration, localization, and activation of cells,

both temporally and spatially by regulating chemokine function through their highly spe-

ci�c interactions with chemokines [153�157]. For example, chemokine immobilization by

GAGs on the luminal surface of endothelial cells is a prerequisite for optimal progression of

leukocyte endothelial cell adhesion [158�161] during chemokine induced in�ammatory re-

cruitment and constitutive homing of leukocytes to tissues [162]. Chemokines immobilized

on endothelial surfaces, but not soluble chemokines, induce stimulation of leukocyte teth-

ering and rolling, induction of �rm adhesion, as well as the initiation of transendothelial

migration [162�164]. Based on their repeating disaccharide units, GAGs can be divided

into four groups: heparin/heparan sulfate, chondroitin sulfate/dermatan sulfate, keratan

sulfate, and hyaluronic acid [6, 165].

GAGs are negatively charged, while chemokines are mostly basic proteins allowing inter-

actions via non-speci�c electrostatic forces [153, 160]. All chemokines bind GAGs, but
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they show high variability in a�nities for di�erent GAGs and the other way round [136,

162, 166]. The GAG-binding domains of several chemokines have been identi�ed e.g.

CCL2, CCL5, and CXCL12, and revealed that di�erent chemokines utilize di�erent func-

tional domains to bind GAGs, but mostly GAG-binding sequences are included in the

chemokine core domains [155, 162, 167�170]. This is di�erent for CCL21, as the GAG-

binding sequence of CCL21 is in the highly positively charged C-terminal tail [60, 151,

171]. For the biological functions of CCL21 its ability to bind GAGs is essential. When a

C-terminally truncated version of CCL21 was injected into plt/plt mice, its immobilization

on HEVs, and consequently, lymphocyte extravasation through HEVs was abolished [113].

DCs, showing random movement on immobilized CCL21, are also able to C-terminally

cleave CCL21, releasing it from solid phase. This C-terminally truncated form of CCL21,

functionally partially resembles CCL19, forming soluble gradients. Interestingly, soluble

C-terminally truncated CCL21, like CCL19, mediates chemotactic movement, but is not

able to trigger surface adhesion [151]. As CCR7 is glycosylated [172, 173], it is possible

that CCL21, presented on endothelial GAGs, is transferred to the glycan structure of

CCR7. This depends on how strong the a�nity of CCL21 is to either GAGs or glycosy-

lated CCR7. Thus, regulating the glycosylation of CCR7 might be one way to �ne-tune

cellular responses [60].

1.2.0.3 Modulation of CCR7 signaling

Chemokine receptor selectivity for ligands and signaling are modulated by a variety of

post-translational modi�cations. Most chemokine receptors are phosphorylated on cyto-

plasmic parts after ligand binding, regulating β-arrestin binding, signaling, and internal-

ization [174�177]. Moreover, glycosylation, either via N-linked (on asparagine residues) or

O-linked (on serines or threonines) mono-, oligo-, or polysaccharides, are widely used post-

translational modi�cations of chemokine receptors [6]. CXCR2 was the �rst chemokine

receptor that was reported to be N-glycosylated. Glycosylation of CXCR2 is not modu-

lating signaling itself, it regulates the cellular localization of CXCR2. Highly glycosylated

CXCR2 is located on the cell surface, whereas less glycosylated CXCR2 variants form

an intracellular receptor pool. Thereby, full glycosylation of CXCR2 is not necessary for

signaling and tra�cking, but is required for its resistance to proteases [178]. Moreover,

glycosylation can modify the ligand-binding properties of an chemokine receptor. CCR5

is reported to be O-glycosylated, contributing to binding of CCL3 and CCL4 ligands [179].

Furthermore, N-glycosylation of CXCR4 at its N-terminus and ECL2 were shown to be
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required for high-a�nity binding of ligands to CXCR4 [180]. Other chemokine receptors,

e.g. CCR2, are also shown to be heterogeneously N- and/or O-glycosylated, this might

in�uence receptor function by introducing a negative charge to the receptors N-terminus,

contributing to binding of basic domains of chemokines [6, 179�190]. Interestingly, recent

studies demonstrated that CCR7 is sialylated on immune and tumor cells, modulating

CCR7 signaling [172, 173].

Besides glycosylation, there are other ways how CCR7 signaling can be regulated. One

way is via ubiquitylation of the receptor. CCR7 is constantly ubiquitylated, independent

of agonist-binding, regulating steady state tra�cking of the receptor [191]. Moreover, it

is demonstrated that CCR7 ubiquitylation is required for the recycling of endocytosed

CCR7 after CCL19 stimulation. As a CCR7 mutant that can not be ubiquitylated accu-

mulates at the TGN after stimulation, hampering directional migration [191]. Another

way how CCR7 signaling can be modulated is via oligomerization of the receptor. Hauser

et al. showed that in�ammatory stimuli are able to modulate the oligomerization state

of CCR7, in�uencing CCR7 signaling of T cells and DCs after stimulation with CCL19

or CCL21 [192]. Oligomerized CCR7 was shown to have di�erent signaling properties,

compared to monomeric CCR7, acting as a sca�old for both G protein-dependent and

Src-dependent signaling [60].

1.2.0.4 Ligand biased signaling of CCR7

The two ligands of the chemokine receptor CCR7, CCL19 and CCL21, show common and

ligand biased signaling (summarized in Figure 1.4 C) [60]. As described above (section

1.1.2.1 on page 5) the concept of ligand biased signaling describes that ligands induce dif-

ferent conformations of the same receptor, resulting in the initiation of di�erent signaling

pathways. It is interesting to note, that while CCL19 and CCL21 do not di�er in their

a�nity to CCR7, in induction of G protein signaling, generation of phosphoinositides,

calcium signaling, and in β-arrestin recruitment the two ligands show marked di�erences

[193]. For example, CCL21 induces only low β-arrestin recruitment and receptor internal-

ization, in contrast CCL19 binding results in robust β-arrestin recruitment and receptor

internalization [90, 194]. Di�erences in β-arrestin recruitment can be explained by di�er-

ential activation of GRKs by the two ligands. While both ligands activate GRK6, only

CCL19 additionally activates GRK3 [194]. Thus, CCL19 stimulation leads to a stronger

serine/threonine phosphorylation of CCR7 and thereby to a stronger recruitment of β-

arrestin [194, 195]. Noteworthy, despite of the low recruitment of β-arrestin and minor
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Figure 1.4: Ligand bias and common signaling of the chemokine receptor CCR7. (A) Molecular determi-
nants of heterotrimeric G protein activation versus β-arrestin activation. Schematic representation of the
orientation of TM domains of CCR7 in steady state (left), in full active state, bound to Gαi (middle), and
in the β-arrestin-bound state (right) based on solved structures of β-adrenergic and rhodopsin receptor.
(B) Schematic representation of putative conformational di�erences of CCR7 without ligand (left), or its
CCL21- (middle) or CCL19-bound state (right). (C) Overview of common and biased signaling pathways
of CCR7, induced by CCL19 or CCL21 binding. Figure adapted from [60].

internalization of the receptor, CCL21 is still able to induce β-arrestin dependent ERK1/2

phosphorylation, although CCL19 induces a much stronger β-arrestin dependent ERK1/2

phosphorylation [193, 194]. Based on structural data of other GPCRs and chemokine re-

ceptors Hauser et al. propose that binding of CCL19 and CCL21 results in stabilization

of slightly di�erent conformational states of CCR7 (Figure 1.4 B on page 14) [60]. They

suppose that di�erent CCR7 conformations, that are induced by slight variances in the

binding of CCL19 and CCL21, are resolved by the Gα subunit or GRK3, translating dif-

ferent CCR7 conformations into various serine/threonine phosphorylation patterns, that

are read and translated into distinct β-arrestin conformations [60, 196]. The distinct

β-arrestin conformations determine di�erent functional properties of β-arrestins [196], re-

sulting in G protein activation and β-arrestin signaling after CCL21 binding and G protein

activation and β-arrestin mediated signaling and internalization after CCL19 stimulation
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of CCR7 [60].

This concept was also con�rmed by studies of Gaieb et al. They proposed a model where

CCL19 and CCL21 stabilize the receptor in di�erent conformational states through a

dynamic network of allosteric events [197, 198]. Furthermore, they show that unbound

CCR7 is found in conformational heterogeneity that exhibits random �uctuations, and re-

ceptor conformation is stabilized upon ligand-binding [198]. In their model, they identi�ed

microswitches within CCR7 that propagate conformational changes after ligand binding

resulting in global movement of the receptors TM helices [197, 198]. Furthermore, they

show that binding of CCL19, compared to CCL21, results in fewer global TM movements

in the receptors TM5, TM6, and TM7, resulting in a di�erent conformation of the recep-

tor that is bound to CCL19, compared to CCL21-bound CCR7 [197, 198].

In addition to ligand biased signaling, CCL19 and CCL21 also share common signaling

pathways, e.g. initiating cell polarization upon CCR7 stimulation that is required for di-

rectional migration along chemokine gradients [60]. The family of small GTPases, namely

Rac and RhoA are involved in this process, and are activated after CCR7 stimulation [60].

The classical model of directional migration postulates that in a polarized cell, the Rho

GTPase Rac1 mediates actin polarization at the leading edge, while RhoA controls myosin-

based contraction at the uropod. But studies on this are contradictory, and it seems that

there are di�erences between cell types and species [60]. Moreover, it is not clear today,

which guanine nucleotide exchange factor (GEF) is activating Rac1 downstream of CCR7.

1.3 The Rho GEF Vav1

Vav1 was discovered in 1989 in a screening for oncogenes [199]. Despite its discovery as

an oncogene, Vav1 was later shown to be an important signal transducer, contributing to

several cellular responses e.g. activation of immune cells, regulation of gene transcription,

development, and reorganization of the actin cytoskeleton [200�206]. The Vav-family

today comprises three family members, in addition to Vav1, Vav2 [207] and Vav3 [208]

that are ubiquitously expressed, were identi�ed. However, the expression of Vav1 nor-

mally is restricted to cells of hematopoietic origin [199, 209, 210]. In addition to being

expressed in cells of hematopoietic origin, Vav1 is expressed in di�erent cancers [206, 211],

e.g. neuroblastomas [212], lung [213], breast [214, 215], ovarian and prostate cancers

[216], melanomas [217], B-CLL [218], and pancreatic cancers [219]. In some cancers, e.g.

pancreatic cancer, patients with Vav1-positive tumors had a worse prognosis for survival,

compared to Vav1-negative cancers [206, 211, 219]. Moreover, there is a correlation be-
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tween Vav1 expression and lymph node metastasis formation [217].

Vav1 belongs to the family of di�use B cell lymphoma (DBL) Rho GEFs, and its function

as GEF is strictly regulated by tyrosine phosphorylation [208, 216, 220]. The acidic (AC)

motif of Vav1 contains three tyrosines, that are central in the regulation of the GEF ac-

tivity of Vav1 [216, 220, 221]. The tyrosines in the AC motif of Vav1 are autoinhibitory

by interacting with amino acid residues of the DH (dolbin homology) domain, that is

important for its GEF activity towards Rho GTPases [222], they form an autoinhibitory

loop that is released when tyrosines of the acidic motif are phosphorylated [220, 223�225].

Although there are contradictory reports about substrate speci�city of Vav1 GEF activity,

it is clear today, that the preferred substrate of Vav1 is the small GTPase Rac1 [220, 222,

223, 226, 227]. Moreover, Vav1 has also GEF activity for Cdc42, RhoA, and RhoG [228].

Rac1 belongs to the family of Rho GTPases, that includes 23 homologous proteins, among

them RhoA, Cdc42 and Rac1 [229, 230]. Rho GTPases belong to the Ras superfamily

[230]. They di�er from other Ras superfamily members by a so-called Rho insert domain

[229, 230]. Rho GTPases cycle between an inactive, GDP-bound, and an active, GTP-

bound, state. Binding of GTP, inducing the active state of the Rho GTPase, induces a

conformational change, allowing the Rho GTPase to interact with downstream e�ectors

[230]. The exchange of GDP by GTP and the intrinsic GTPase activity of Rho GTPases

are regulated by specialized proteins. GTPase activating enzymes (GAPs) enhance the

intrinsic GTPase activity, guanine nucleotide dissociation inhibitors (GDIs) render the in-

trinsic GTPase inactive. And activation of Rho GTPases by exchange of GDP by GTP is

mediated by GEFs [231]. As described above Vav1 is mainly a GEF for the Rho GTPase

Rac1.

1.3.1 The Rho GTPase Rac1

Rho GTPases are essential for cell migration, playing key roles in the basal processes

of cell migration: cell adhesion, force generation, and polarization [230]. Rac1 mainly

contributes to cell migration by generation of force by polymerization of actin [230]. In

polarized, migrating cells, acting is polymerized at the leading edge, pushing the mem-

brane forwards [232]. Rac1 activation is central in this process, leading to the reorganiza-

tion of the cytoskeleton leading to formation of membrane ru�es, and lamellipods [233,

234]. The activity of Rac1 on the cytoskeleton is mediated mainly by Wiscott-aldrich

syndrome protein verprolin-homologous protein (WAVE), that is activated downstream
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of Rac1 [235]. WAVE itself then activates the Arp2/3 complex [236, 237]. The Arp2/3

complex is a key actin nucleation factor, it binds to actin mother �laments, inducing the

formation of daughter �laments, branching o� from mother �laments. This branching of

the actin cytoskeleton-network is required for formation of lamellipods and pseudopods

at the leading edge of cells, as well as retrograde �ow of F-actin [230, 238]. Rac1 has

been shown to be important in CCR7 function, as T cells de�cient of Rac1 are defective

in chemokine-induced chemotaxis and adhesion to integrin ligands [239].

1.3.2 The various functions of Vav1 besides its GEF activity

Vav1 mediates its manifold cellular functions not only via acting as GEF, due to its numer-

ous protein domains, it participates in many signaling pathways and also acts as adapter

protein [206]. Vav1 was shown to be tyrosine phosphorylated downstream of di�erent re-

ceptors, e.g. the T cell receptor (TCR) [240, 241], where it is vital for the formation of the

immunological synapse [242, 243], the B cell receptor (BCR) [244], chemokine receptors

[245], and integrins [246].

Vav1 possesses a diverse array of protein domains. It has an unconventional calponin ho-

mology (CH) domain that does not bind to bind to F-actin, like other CH domains [247],

but is essential for the function of Vav1 in calcium mobilization from intracellular stores

[248]. Moreover, Vav1 has a pleckstrin homology (PH) domain, mediating interactions

with phospholipids, recruiting Vav1 to membranes [249]. In addition, Vav1 has several

domains allowing it to interact with other proteins to function as adapter protein. It has

an atypical C1 domain, lacking the features needed for lipid interaction, but instead the

C1 domain of Vav1 mediates protein-protein interactions [228, 250]. Besides this, the C1

domain might also contributes to GEF activity by stabilizing the DH domain of Vav1 [228,

250]. Furthermore, Vav1 can interact with SH3 domain-containing proteins via its proline

rich (PR) region [251]. In addition, Vav1 possesses two SH3 domains, allowing Vav1 to

interact with PR regions of other proteins [240, 241]. For example, the N-terminal SH3

domain was shown to be important for Vav1 recruitment to the plasma membrane by

interaction with the PR region of Grb2 [252], what is prerequisite for its interaction with

several tyrosine kinases in immune cells, e.g. in T cell receptor signaling [200]. Impor-

tantly, Vav1 has an SH2 (Src homology 2) domain, mediating interactions with tyrosine

phosphorylated proteins e.g. non-receptor tyrosine kinases ZAP70 [253] and Syk [254], or
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adapter proteins like SLP-76 [255]. Some of the interaction partners of Vav1, e.g. ZAP70

and SLP-76, are critically involved in T cell receptor signaling.

1.4 T cells - transients on the search for their cognate antigen

A prerequisite for e�cient immune surveillance is that naive T cells steadily recirculate

between the blood stream, secondary lymphoid organs e.g. lymph nodes and spleen, and

lymphatic vessels [256]. There are estimations, that at a given time 70% of all T cells

are located in secondary lymphoid organs, while only 5% are in the blood stream [257].

Under non-in�ammatory conditions, T cells stay about 30 minutes in the blood circulation,

before they re-enter into secondary lymphoid organs, staying there for several hours to

scan DCs for cognate antigens, presented on peptide-major histocompatibility complexes

(pMHC) that are recognized by the T cell receptor of the T cell [230].

1.4.1 Stimulation of T cells by the T cell receptor

The activation of T cells via the T cell receptor is a key step in the initiation of adaptive

immune responses [258]. The TCR is a octameric complex composed of two chains, αβ or

δγ. The two chains assemble noncovalently with 6 CD3 chains, the γε and δε heterodimers

and the ζ homodimer (Figure 1.5 on page 23). The CD3 chains contain immunoreceptor

tyrosine activating motifs (ITAMs), one ITAM motif is present in each γ, ε, and δ chain

and three ITAMs are contained in each ζ chain. All TCR signaling events are mediated

by the ITAMs of the CD3 chains [259]. Every T cell expresses a speci�c T cell receptor

(TCR). A given TCR recognizes a limited number of antigens, small peptides called its

cognate antigens, presented on pMHCs of an antigen presenting cell (APC). It is esti-

mated that the TCR of one in 105 to 106 T cells recognizes a given antigen [260�263].

Speci�c interactions between the TCR and its cognate pMHC belong to the weakest

protein-protein interactions resulting in the initiation of a cellular response. Thereby, the

TCR displays a high sensitivity and selectivity to distinguish between foreign, pathogen

derived, and self-peptides despite the minor di�erences in a�nity and kinetics in binding

to self-pMHC and foreign-pMHC [258, 264, 265]. Today, di�erent models exist, aiming

to explain how such selectivity and sensitivity towards foreign-pMHC can be achieved

[258]. The kinetic proofreading model proposes that di�erent life-times of TCR-pMHC

interactions can be translated into di�erent cellular responses of the T cell. Interactions

of TCR with agonist-pMHC has a longer life-time than with self-pMHC and thus is more
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likely to initiate the full chain of downstream signals [258, 266, 267]. In another model

the TCR is supposed to work as mechanosensor. Here, it is postulated that TCR-pMHC

interaction causes conformational changes of the TCR, making CD3 chains accessible for

phosphorylation [268, 269]. It is also possible to combine the models of kinetic proofread-

ing and of the TCR as mechanosensor to explain how the TCR distinguishes between

antigens. A recent study supposes that agonists of a given TCR form �catch bonds� lead-

ing to increased bond-lifetime upon application of forces, while nonstimulatory ligands

form �slip bonds� which show decreased lifetime after application of force [258, 270].

Another attempt to explain the sensitivity and speci�city of the TCR is by the view of the

TCR as an allosteric receptor [258]. Conformational changes of the TCR after agonist-

binding were shown for the TCR α-chain [271] and CD3ε [272�274]. However, reports

about the signi�cance of changes in TCR structures for signaling are contradictory [272,

275, 276], whether and how TCR conformational changes after agonist binding in�uence

TCR signaling is not clear today [258]. The serial-triggering model [277], tries to explain

by serial engagement of the TCR by a pMHC complex, how T cells can be stimulated

by as few as 1-10 cognate ligands among thousands of self ligands [278�282]. Another

approach to explain this phenomenon is that endogenous pMHC molecules, that weakly

interact with the TCR, deliver additional signaling on top of the signals provided by the

agonist pMHC [283�287]. According to this, basal signaling modulates the sensitivity of

the TCR when encountering agonist-pMHC [258].

The model of ITAM sequestration describes how the TCR can have such high sensitivity.

This model describes that ITAMs are sequestered at the inner lea�et of the plasma mem-

brane via electrostatic interactions, as the proximal cytoplasmic domains of CD3 chains

are net positively charged, and the inner lea�et of the plasma membrane is negatively

charged. This leads to the burial of the aromatic tyrosines of the ITAMs in the inner

lea�et of the membrane, where it can not be reached by Lck [288�290]. According to this

model, TCR signaling is initiated by a small number of receptors that induce an increase

in intracellular calcium, leading to an electrostatic switch, releasing the ITAMs from the

inner lea�et of the membrane, making the tyrosines of the ITAMs accessible for Lck ty-

rosine kinase, serving as ampli�cation mechanism [258, 291]. Another model, trying to

explain how phosphorylation of ITAMs can serve as ampli�cation mechanism is based on

the observation that the phosphorylation of one ITAM can enhance the phosphorylation

of other ITAMs. This model is based on a phenomenon termed �phosphorylation prim-

ing�. Phosphoproteomic analysis revealed that phosphorylation of one site can enhance

the phosphorylation of neighboring sites within 10 amino acids [292]. Moreover, recent

studies have found evidences for such �phosphorylation priming� within the two tyrosines
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of ITAMs but the mechanisms underlying �phosphorylation priming� are incompletely un-

derstood. A possible mechanism is disorder-to-order transition that might be inducible

by phosphorylation within intrinsically disordered regions of proteins [292]. However,

there are contradictory studies demonstrating that CD3ζ chains are constitutively tyro-

sine phosphorylated [293�295], arguing against these mechanisms to be required for signal

ampli�cation and T cell activation [258].

The kinetic segregation model of TCR signaling, focuses on the putative negative regu-

latory role of CD45 as negative controller of TCR tyrosine phosphorylation [258, 296].

In this model, TCR-pMHC binding occurs together with similarly sized molecules and

results in the close apposition of T cell and APC membranes as close as 15nM. Molecules

with longer extracellular domains, like CD45, a receptor tyrosine phosphatase with high

catalytic activity, are excluded due to their size, promoting TCR activation by reducing de-

phosphorylation of TCR ITAMs by CD45 [258, 297, 298]. However, it is not clear, whether

this model represents the complete picture, as CD45 is shown to have a positive regula-

tory role on the earliest player of TCR activation, the Src family kinase (SFK) Lck [258,

299�301]. In common with all SFKs, Lck has two regulatory tyrosine residues. Tyr394 of

Lck is a positive regulatory tyrosine, it is phosphorylated by trans-autophosphorylation or

by Fyn. The second regulatory tyrosine of Lck is Tyr505, phosphorylation of this tyrosine

negatively regulates Lck tyrosine kinase activity. Tyr505 is phosphorylated by Csk [302,

303] and dephosphorylated by CD45 [304�308]. Thus, in steady state Lck tyrosine kinase

activity is regulated by two counteracting factors: phosphorylation by Csk, inhibiting Lck

activity, and dephosphorylation of the inhibitory tyrosine Tyr505 by CD45, positively

regulating Lck tyrosine kinase activity.

As described above, Lck tyrosine kinase is constantly phosphorylated on its activating

tyrosine Tyr394, and even after TCR stimulation, no signi�cant increase in Tyr394 phos-

phorylation is observed [304, 308, 309]. This �ts to the fact that CD3ζ chain is also

constitutively tyrosine phosphorylated and its basal phosphorylation is only slightly in-

creased after TCR stimulation, what is most probably caused by the interaction of CD4

or CD8 co-receptors with endogenous pMHC, recruiting the co-receptors, along with Lck,

to the TCR [294, 310]. Due to steady state tyrosine kinase activity and phosphorylation

of CD3ζ chain it is a mystery why TCR signaling does not occur in steady state, without

binding to cognate pMHC [258]. Moreover, it is shown that in steady state ZAP70 binds

via its tandem SH2 domains to tyrosine phosphorylated ITAMs of CD3ζ [294]. Despite

this, ZAP70 does not become activated, it stays in its autoinhibited state where tyrosine

Tyr319 in interdomain B of ZAP70 binds and inhibits the N-terminal catalytic domain

[311]. One explanation might be, that for full activation, ZAP70 does not only have to
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bind to ITAMs on CD3ζ, it also has to become phosphorylated on tyrosine Tyr319 by

Lck to release ZAP70 from its autoinhibited conformation. It seems that in steady state

ZAP70 binds to and is released from CD3ζ-chains with high frequency [312], not giving

Lck enough time to phosphorylate Tyr319 of ZAP70 [258, 312]. After binding of TCR-

pMHC with a cognate antigen, the tyrosine kinase activity of ZAP70 is activated, by

phosphorylation of Tyr319 by Lck. Active ZAP70 is additionally tyrosine phosphorylated

by trans-autophosphorylation to act as adaptor molecule for SH2 domain containing pro-

teins, for example Vav1, and phosphorylates downstream e�ectors, mediating all proximal

TCR signaling events [259, 313].

1.4.2 Priming of T cells and the immunological synapse

T cell priming by DCs in lymph nodes occurs in three sequential steps [314]: �rst (as de-

scribed in section 1.4.3 on page 23) T cells perform a random guided walk on �broblastic

reticular stromal cells (FRCs) on their way through the paracortical T cell zone to screen

for DCs presenting their cognate antigen. Then, in a second step, when a T cell recog-

nizes its cognate antigen on pMHC molecules of a DC, the migratory speed of the T cell

decreases, and dependent on the amount of antigen that is presented and on the a�nity

of its TCR for the given antigen an immune synapse between the T cell and the DC is

formed. In the third phase, T cells regain motility, proliferate and di�erentiate [263, 314].

The observation of the modulation of T cell motility during T cell priming led to the �stop

and go� model of T cell priming where T cells integrate chemokine-mediated go signals

and TCR generated stop signals to adjust the duration and stability of immunological

synapses [315].

Immunological synapses are intercellular junctions creating an highly organized reaction

environment in which numerous receptors and cell surface ligands engage in juxtracrine

fashion [316]. It is an ultrasensitive system, capable of detecting singe peptide-MHC com-

plexes [317�320]. The classical model of the immunological synapse (IS), that was �rst

described by Kupfer and colleagues, is the bull's eye model [320�322]. Here, the IS is di-

vided into supramolecular activation complexes (SMACs). The central SMAC (cSMAC)

that is TCR-rich, the LFA-1 rich peripheral SMAC (pSMAC), and the distal SMAC (dS-

MAC) that contains mainly actin and CD45 (Figure 1.5 A on page 23) [320]. The bull's

eye model is a simpli�ed model of the IS that is mainly derived from studies using B cells

as APCs. Noteworthy, the synapses that are formed between T cells and DCs are more

complex as they are composed of multiple SMAC-like structures [320].
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Today, TCR microclusters have emerged as substructures within the IS acting as the pri-

mary functional signaling unit, like many small cSMACs within one IS [316]. Many of

the functions that were originally thought to be carried out by the cSMAC may be more

applicable to TCR microclusters [316]. Today, is assumed that that SMACs are assembled

by centripetal transport of LFA-1 and TCR microclusters. Interestingly, TCR microclus-

ters might incorporate adhesion molecules, co-stimulatory and inhibitory molecules [316].

TCR microclusters are shown to continuously move in the direction of the centripetal

retrograde �ow of cortical actin, which is always sustained during IS formation [323], to-

wards the center of the cSMAC [324�327]. In a later stage, when a stable immunological

synapse is formed, TCR microclusters are translocated from the rim of the immunological

synapse towards the cSMAC via dynein-induced movement along microtubules [328]. It is

supposed that TCR signaling occurs prior to and during TCR microcluster translocation,

raising the question whether physical translocation of the microcluster might contributes

to or regulates TCR signaling [316]. A recent study showed that signaling by TCR mi-

croclusters depends on LFA-1 micro-adhesion rings surrounding the TCR microclusters,

that might also act by stabilizing the weak contact between T cells and APCs, as the

interaction between the TCR and pMHC is very weak [329].

Another model divides the T cell side of the immunological synapse in three functional

layers, adding a third dimension to the concept of SMACs (Figure 1.5 B on page 23) [320].

The �rst layer is the receptor interaction layer. It includes TCRs, adhesion molecules,

co-stimulatory molecules, co-inhibitory molecules, and co-receptors. The second layer is

the signaling layer, containing tyrosine kinase cascades, a NF-κB-activating oligomeric

complex, a ubiquitin-dependent signal-termination machinery, and sub-synaptic vesicles.

The signaling layer tightly integrates with the cytoskeleton which forms the third layer.

The cytoskeletal layer mainly contains three �lament-forming proteins: myosin II, tubulin,

and actin [320]. It is essential for TCR signaling in the immune synapse, generating cy-

toskeletal forces by centripetal retrograde �ow towards the center of the immune synapse,

that regulates the development of forces [322], that are essential for several processes, for

example the formation of microclusters [316].

Immune synapses are not permanent structures, they are highly dynamic and can last

from seconds to hours [330]. Despite the fact that for T cells to become primed one single

peptide-MHC complexes is su�cient, T cells have to stay in contact with the APC for

at least one minute to become activated [263, 331, 332]. The duration of IS formation

and the stability of the immune synapse is dependent on several factors, but most im-

portantly it depends on the strength of antigenic stimulation [333, 334]. For short-lived,

unstable IS, where the TCR does not recognize the peptide-MHC complex of the APC,
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1.4 T cells - transients on the search for their cognate antigen

also the term kinapse is used [291, 335]. Kinapses are formed during the scanning of DCs

by T cells within lymph nodes, allowing the integration of TCR-derived stop signals and

CCR7 mediated go signals [335], a process that is, like many processes in T cell biology,

in�uenced by the chemokine receptor CCR7.

Figure 1.5: Models of the structure of the immunological synapse (IS). (A) SMAC structure of the
IS. TCR-rich cSMAC core is shown in red, CD28-rich cSMAC periphery in green. LFA-1-rich cSMAC
is depicted in blue. The F-actin-rich dSMAC is shown in yellow. The dSMAC is the site where TCR
microclusters are �rst detected and then move towards the cSMAC. (B) Depicted are the three layers
on the T cell-side of the IS. The receptor layer contains the TCR-CD3 complex, CD4 or CD8, CD28,
and LFA-1. The signaling layer contains Lck, ZAP70, ITK, PLCγ, and PKCθ. LAT is shown in two
layers, in the receptor layer within the membrane, and in the signaling layer in sub-synaptic vesicles. The
cytoskeletal layer contains F-actin, talin, paxillin, vinculin, FAK1, and Pyk2. Figure adapted from [320].

1.4.3 Role of CCR7 in regulation of T cell function

1.4.3.1 CCR7 in T cell development

Many aspects of T cell biology rely on the chemokine receptor CCR7. This begins with the

development of T cells in the thymus. Medullary thymic epithelial cells (mTECs) produce

CCL19 and CCL21, that are distributed in the thymic medulla [336, 337]. Similarly to its

role in lymph node development and organization, CCR7 is also essential for the correct

compartmentalization of the thymus and regulation of migratory events of thymocytes

during T cell development [105, 124, 129, 336�340]. CCR7 knockout mice, or plt/plt
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mice, show altered morphology of the thymus, reduced numbers of thymocytes, and have

impaired T cell development [105, 129]. One aspect in T cell development, where CCR7 is

important, is to ensure the generation of a non-self reactive T cell pool [337, 341]. CCR7

and its ligands are essential for the migration of positively selected thymocytes from

the cortex to the medulla of the thymus, where negative selection is made by mTECs

[337]. This is re�ected in the increased occurrence of autoimmunity in CCR7 knockout

and plt/plt mice [124, 130, 340, 342]. However, a recent publication showed that CCL19

might be less important for negative selection than CCL21-Ser, as CCL21-Ser-knockout

mice, that express only CCL19, showed defects in the medullary deletion of self-reactive

thymocytes and developed autoimmune disease [343].

1.4.3.2 CCR7 in T cell homing and migration within lymph nodes

For naive T cells, CCR7 is essential for their recirculation from blood to secondary lym-

phoid tissues. The main route for T cell homing to lymph nodes is via HEVs that occurs

via four sequential steps [114, 145] (summarized in Figure 1.6 on page 26). First, naive

T cells are rolling along HEVs of lymph nodes, this is mediated by interactions between

the L-selectin CD62L on T cells and peripheral node addressin (PNAd) on HEVs [124].

Rolling brings CCR7-expressing naive T cells in close proximity to CCR7 ligands CCL19,

and most prominently CCL21, that are presented on HEVs [113]. Naive T cells in the

blood stream express high levels of CCR7, that is highly perceptive to stimulation by its

ligands [344]. Thus, CCR7 stimulation in combination with shear-�ow leads to fast acti-

vation of integrins [345], �rm adhesion, followed by extravasation to enter lymph nodes

[124, 346]. Besides this classical route of T cells entering lymph nodes via HEVs, it is

supposed that T cells can also enter a�erent lymphatics, either directly from peripheral

tissues [347, 348], or by entering the e�erent lymph vessels, connecting two lymph nodes

[121], and enter lymph nodes on this route [108, 121, 349]. For both routes, HEVs and

a�erent lymphatics, homing of T cells depends on CCR7 [350]. Once T cells have entered

lymph nodes, intranodal migration towards the T cell area is controlled by CCR7, whose

ligands are produced by stromal cells called �broblastic reticular cells (FRCs) in the T

cell area of lymph nodes [351, 352]. Naive T cells, which have not encountered their cog-

nate antigen, have to constantly move within lymph nodes, to e�ciently scan presented

antigens. They do so by migrating along FRCs, within the paracortical T cell zone, in an

apparently random walk pattern of motion [353�355]. It is estimated that naive T cells

scan about 100 di�erent DCs per hour [356]. This e�cient scanning behavior of naive T

24



1.4 T cells - transients on the search for their cognate antigen

cells has been shown to depend on CCR7 signaling. T cells de�cient of CCR7 or wildtype

T cells, that were injected in plt/plt mice sowed reduced mobility in lymph nodes and

were shown to have reduced migratory speed [117, 118]. Interestingly, despite the e�ect

of CCR7 on migratory speed, the directionality of T cells within the T cell zone is not

in�uenced by CCL19 and CCL21 expressed by FRCs [117, 118, 126, 351, 357].

T cells can move in two distinct modes, integrin-dependent and integrin independent [150,

358]. The integrin-independent mode is faster, compared to the integrin-dependent mode.

The ability of CCL19 and CCL21 to induce mobility, rather than adhesion, seems to be

a speci�c mechanism of CCR7 signaling under shear-free conditions in the lymph nodes,

promoting the integrin-independent mode of migration [150]. Today it is assumed that T

cells moving through lymph nodes dynamically switch between the two migration modes

[359]. Chemokines, mainly CCL19 and CCL21, and lysophospatidic acid (LPA) produced

by FRCs promote integrin-independent migration, while DCs are supposed to support

integrin-dependent motion via expression of ICAM-1 [359]. Thereby it is thought that

T cells by touching DCs receive chemokine signals, as mature DCs secrete CCL19 [144]

and also bind CCL21 on their surface [360], that stimulates integrin-dependent movement

via LFA-1 to bind ICAM-1 on DCs and to move integrin-dependent over DCs [359]. One

positive e�ect, is the greater surface contact between T cells and DCs when T cells move

in integrin-dependent mode on DCs, making scanning of DCs more e�cient [322].

Besides mediating e�cient scanning behavior of T cells, in CCL19 de�cient mice, it was

shown that CCL19 has pro-survival activity on T cells in lymph nodes [351]. This is a

non-overlapping function of CCL19, that is not shared with CCL21. Moreover, CCR7 and

its ligands not only play a role in lymph node homing and migration behavior of T cells

within lymph nodes, they also regulate the recirculation of T cells. Naive T cells, that

have not encountered their cognate antigen, have to leave the lymph node via e�erent

lymphatic vessels to recirculate from one lymph node to the next and �nally to re-enter

blood circulation [121]. Interestingly, constant CCL19 signaling was shown to induce the

expression of the spinghosine-1 phosphate receptor 1 (S1P1), the main receptor for lymph

node egress [361]. S1P1 regulates lymph node egress of naive T cells most probably by

mediating directional migration along a gradient of S1P, the concentrations of S1P are

low in the lymph node parenchyma and high in e�erent lymphatics [362]. Thus, oppos-

ing signals, regulated by the relative expression of CCR7 and S1P1, are integrated by

T cells to decide whether T cells are retained in the lymph nodes, by CCR7 signals, or

leave the lymph node, following S1P1 signaling, via e�erent lymphatic vessels [363]. In

summary, sustained CCR7 signaling in lymph nodes promotes intranodal T cell motil-

ity, e�cient scanning of DCS, survival, and retention within lymph nodes, but under
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sustained signaling, CCR7 becomes insensitive to further signals [344] and regulates the

expression of receptors, e.g. S1P1, that are required for lymph node egress [361, 363].

After re-entering the blood circulation, CCR7 regains its sensitivity towards its ligands,

enabling T cells to again enter lymph nodes [344]. This process of entering lymph nodes,

scanning for antigens, leaving lymph nodes and re-entering the blood circulation will be

repeated until the T cell encounters its cognate antigen presented on MHCs of an APC

[124]. Antigen-speci�c interactions lead to the formation of immunological synapses. If

appropriate co-stimulatory factors are present, the T cells become activated, proliferate,

and di�erentiate into distinct T cell subsets with speci�c functions [124, 350].

Figure 1.6: T cells enter the LNs via HEVs in 4 sequential steps: (I) rolling of T cells along HEVs is
mediated by PNAd on endothelial cells and L-selectin on the T cell. (II) Rolling of the T cell allows CCR7
to bind CCL21 that is presented on GAGs of endothelial cells. (III) CCR7 triggering in combination
with shear-�ow results in activation of the integrin LFA-1 that binds ICAM-1, resulting in �rm arrest of
the T cell on HEVs. (IV) T cells enter the LN via the transcellular or paracellular route. Figure adapted
from [108].

1.4.3.3 CCR7 as costimulatory molecule in T cell priming

In addition to guiding T cells and DCs to paracortical T cell zones of lymph nodes, and

mediating e�cient screening behavior of T cells, CCR7 signaling is also described to

crosstalk to TCR signaling to modulate T cell activation. On one hand, TCR signaling

crosstalks to CCR7 signaling to alter the sensitivity of the receptor for its ligands to

modulate CCR7-mediated T cell chemotaxis [364]. On the other hand, it is shown that

CCR7 can act as co-stimulatory molecule in T cell priming. Several years ago, it was

supposed that CCL19, produced by mature DCs [365, 366], might contribute to T cell

activation by enhancing the scanning behavior and making naive T cells more sensitive to

antigens [143]. However, T cell activation appears to be normal in CCL19 knockout mice
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[128]. Nevertheless, CCL21 seems to play an important role during T cell-DC interactions

in lymph nodes, in CCR7 knockout mice or plt/plt mice T cell-DC interactions are sparse

and ine�cient [111, 125]. Con�rming this, in mice it is shown that co-stimulation by

CCL21, and also CCL19 (but to a lesser extend compared to CCL21), enhanced T cell

activation and lowered the threshold for T cell activation [367]. Another study in mice

showed that CCL21 stimulation promotes T cell proliferation during TCR stimulation

[368]. There are no studies showing this co-stimulatory e�ect of CCR7 in a human system

so far. However, there is one contradictory study using human cell lines, showing that

the presence of CCL19 or CCL21 during T cell priming had an inhibitory e�ect on T

cell proliferation and cytokine production [369]. Until today the molecular mechanisms

of this co-stimulatory e�ect are not completely understood. Gollmer et al. suppose a role

for the Rac and Ras-dependent pathways that lead to increased ERK phosphorylation to

explain increased CD69 surface expression and IL-2 secretion [367].

Besides CCR7 acting directly on T cells during T cell priming, it is also possible that it

has an indirect e�ect on T cells, by acting on DCs. It is shown that CCL19 and CCL21

induce the production of cytokines by DCs that promote T cell priming, e.g. IL-12 and

IL-23 [370, 371]. Moreover, CCR7 �inside-out� signaling to integrins, modulating adhesive

properties of T cells might be a way how CCR7 contributes to T cell priming.

1.5 CCR7 signaling to integrins

Integrins are type 1 transmembrane proteins with a large extracellular domain and a

small, although functionally essential, intracellular domain. Integrins form heterodimers

consisting of one α and one β chain. In mammals 18 di�erent α and 8 β chains, form-

ing 18 distinct αβ pairs are described [372]. In T cell biology, integrins are involved

in many processes: adhesion to endothelial cells, T cell priming, cytotoxic killing, and

extravasation of T cells into tissues [372, 373]. On the surface of T cells, integrins un-

dergo dynamic changes in their adhesive properties after stimulation of either the TCR,

or chemokine receptors [372]. Especially chemokine-mediated signaling to the integrins

LFA-1 (αLβ2, CD11a/CD18) and VLA-4 (α4β1, CD49d/CD29) are shown to be important

for chemokine-triggered arrest on HEVs [372]. Signaling by integrins is special, as they

can signal in two ways �inside-out� and �outside-in�. Moreover, the total a�nity (avidity)

of integrins can be modulated in two ways, by regulation of a�nity of the single integrin

(conformation) and by clustering of integrins (valency) [374].
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The avidity of LFA-1 and VLA-4 were shown to be regulated by CCR7-mediated �inside-

out� signaling to modulate a�nity and valency of the integrins [372, 375�378]. The

complete pathway involved in CCR7-mediated �inside-out� signaling is not clear today,

however we know several key players of this pathway, especially for signaling to the inte-

grin LFA-1 (Figure 1.7). PI3K was one of the �rst proteins implicated in this pathway.

As inhibition of PI3K, under shear-free as well as under shear-�ow conditions, was shown

to block CCR7 induced clustering of LFA-1, but did not in�uence a�nity regulation [376].

This study also showed that clustering of integrins is critical for adhesion under conditions

of low, but not high ligand density. As PI3K inhibition led to a decrease in adhesion to

low-density, but not high-density LFA-1 in response to CCR7 stimulation [376]. Another

study showed that both, CCR7 induced a�nity and valency regulation, depend on RhoA.

The same study demonstrated that PKCθ, that is downstream of RhoA, is also involved

in CCR7 mediated �inside-out� signaling to LFA-1, but is only a�ecting valency regula-

tion and has no in�uence on a�nity regulation [374, 379]. Interestingly, there seem to be

di�erences in integrin signaling under shear-free and under shear-�ow conditions as well

as when chemokines are either soluble or immobilized. For LFA-1 it is shown that only

immobilized CCR7 ligands, and not soluble CCL19 or CCL21, are able to induce lym-

phocyte arrest under �ow conditions [115]. Moreover, for the rapid chemokine-mediated

activation of integrins on T cells adhering to endothelial cells, occurring in a fraction

of seconds, shear-forces are essential [150, 380, 381]. Interestingly, despite this, soluble

CCL19 and CCL21 were able to trigger an increase in a�nity in shear-free conditions

[115].

Newer studies also implicate a pathway, including the small GTPase Ras-proximate 1

(Rap1) in CCR7-integrin signaling [382]. Moreover, it is supposed that the Rap1 e�ector

regulator of cell adhesion and proliferation enriched in lymphoid tissues (RAPL), that is

highly expressed in T cells, modulates Rap1 functions through associating it with the α

chain cytoplasmic domain [374, 383]. Katagiri et al. showed that after CCR7 stimulation,

RAPL associates with Rap1, regulating lymphocyte adhesion through spatial redistribu-

tion of LFA-1 that is essential for LFA-1-mediated adhesion and migration of T cells

[383, 384]. Interestingly, RAPL seems to be involved in CCR7-driven LFA-1 clustering,

as loss of RAPL does not in�uence CCL21-mediated a�nity regulation of LFA-1 [385].

Moreover, the Ste20-like serine/ threonine kinase Mst1 was shown to be important for

CCR7-mediated clustering of LFA-1 [386]. Mst1 is a critical e�ector of RAPL, RAPL

regulates Mst1 subcellular localization and modulates Mst1 kinase activity [374]. Inter-

estingly, Mst1-de�cient mice show defective lymphocyte homing to lymph nodes due to

impaired adhesion to ICAM-1 under �ow [374, 387, 388].
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In a recent study, Kliche and colleagues added new insights into the Rap1 pathway

that modulates CCR7-driven �inside-out� signaling to LFA-1. They identi�ed 2 signal-

ing modules containing adhesion an degranulation promoting adapter protein (ADAP)

and Src-kinase associated protein of 55kDa (SKAP55) that are involved in the Rap1 path-

way, contributing to signaling of CCR7 to LFA-1 modulating a�nity and valency. The

ADAP/SKAP55 containing modules were shown to play a role in T cell homing, as well

as intranodal motility of T cells [389]. One module consists of ADAP/SKAP interacting

with RAPL, Mst1, and Rap1 in a complex. Another module consists of a complex of

ADAP/ SKAP55 and Rap1-GPT interacting adapter molecule (RIAM), Mst1, Kindlin-3,

talin, and Rap1 [389]. Both pools are independently recruited to LFA-1 α and β chains

[389]. Based on their �ndings, Kliche et al. suggest a 2-step model of LFA-1 �inside-out�

signaling of CCR7 (Figure 1.7 on page 30): First, binding of the ligand activates Rap1.

Rap1-GTP then binds to ADAP/ SKAP via RIAM, that is able to provide a link between

Rap1 and the actin cytoskeleton, mediating the translocation of RAP1/ RIAM/ ADAP/

SKAP55 to the plasma membrane close to the intracellular domain of the β2 integrin

chain. The membrane-associated complex of RAP1/ RIAM/ ADAP/ SKAP55 facilitates

then binding of talin to the β2 integrin chain, linking the integrin to the actin cytoskele-

ton that allows activation of the integrin. How this complex mediates the recruitment

of kindlin-3 is currently not clear. While they suppose that the Rap1/ RIAM/ ADAP/

SKAP55 complex is important for CCR7 mediated �inside-out� signaling, Kliche et al.

discuss whether the Rap1/ RAPL/ ADAP/ SKAP55 complex binds rather to the α chain

of LFA-1, and mediates �outside-in� signaling. But this is not totally clear [389].

1.6 B cell chronic lymphocytic leukemia (B-CLL)

B cell chronic lymphocytic leukemia (B-CLL) is one of the most common adult leukemia

in the western countries [390]. It is not so common in Asia and relatively rare in Japan,

by now the reason for this is unknown [390, 391]. However, it is supposed that genetic

factors contribute to the development of B-CLL, as incidence is higher in individuals with

family history of B-CLL [392]. B-CLL has a broad variety of clinical manifestations, and

is de�ned by the accumulation of CD5+ B-CLL cells that co-express the B cell markers

CD19, CD20, and CD23 in blood, lymphoid tissues and bone marrow [390]. Expression

of CD5 is normally restricted to T cells and di�erent developmental and activation stages

of B cells, it is supposed to be a regulator of TCR and BCR signaling [393]. Expression

of CD5 in B-CLL might be caused by repeated interaction of the BCR with ligands [393].
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Figure 1.7: CCR7 signaling to the integrin LFA-1. Di�erent pathways are described to be involved
in �inside-out� signaling of CCR7 to the integrin LFA-1. PI3K and PLCθ are shown to be involved
in clustering, but not a�nity regulation of LFA-1, downstream of CCR7. The small GTPase RhoA is
involved in both, CCR7-mediated clustering and a�nity regulation of LFA-1. Rap1 and its e�ectors were
also shown to be involved in CCR7 �inside-out� signaling to LFA-1. It is supposed that Rap1 is involved
in 2 signaling modules. One containing Rap1, RIAM, Mst1, ADAP, and SKAP55. This module recruits
talin and kindlin-3 to the β2 chain of LFA-1. The second module contains Rap1, RAPL, Mst1, ADAP
and SKAP55, it binds via RAPL to the αL chain of LFA-1. These two independent modules are both
involved in CCR7-mediated regulation of clustering and a�nity of LFA-1. Information for �gure adapted
from [372�374, 376, 379, 389].

The phenotype of B-CLL cells di�ers between blood and lymphoid tissues. While B-CLL

cells in blood are only rarely dividing, B-CLL cells in lymphoid tissues are described to be

highly proliferative [394]. Within lymphoid tissues B-CLL cells form proliferative centers

where they receive proliferation and pro-survival signals (Figure 1.8 on page 32) [390, 395].

It is supposed that proliferative centers are key sites contributing to disease progression

[390, 395]. The clinical picture of B-CLL is heterogeneous, ranging from patients who

need immediate treatment, to patients who do not need treatment at all. Symptoms of

B-CLL include: lymphocytosis, lymphadenopathy, leukemic cell in�ltration in the bone

marrow, splenomegaly, and hematopoietic failure [390, 396]. Moreover, B-CLL patients
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often develop autoimmunity, e.g. autoimmune haemolytic anemia, and B-CLL patients

have an increased risk to develop secondary cancers [396]. In B-CLL leukemic transforma-

tion is thought to be initiated by genomic alterations, impairing apoptosis of clonal B cells

[397]. These genetic alterations include: chromosomal alterations, mutations, changes in

the expression of miRNAs, and epigenetic modi�cations [396].

To have a measure to decide whether a patient requires treatment or only has to be

monitored, the two staging systems of Rai [390] and Binet [398], were introduced. Be-

sides clinical staging, B-CLL is divided into two main subsets: B-CLL with mutated

immunoglobulin variable heavy chain (IgVH), and B-CLL with unmutated IgVH, re�ect-

ing the stage of B-cell di�erentiation from where they originate, with di�erent clinical

outcomes [396]. B-CLL cells with unmutated IgVH originate from B cells that have not

undergone di�erentiation within germinal centers where B cells during normal immune re-

sponses experience somatic hypermutation in their IgVH regions [396]. Unlike mutations

in other genes, mutation of the IgVH regions are a normal part of a�nity maturation of

immunoglobulins and are not pathological [396]. B-CLL cells with mutated IgVH arise

from post-germinal center B cells that have undergone somatic hypermutation and in

some cases also isotype switching (summarized in Figure 1.8 on page 32) [396]. B-CLL

patients with mutated IgVH have better prognosis than B-CLL patients with unmutated

IgVH, they are prone to have the more aggressive disease [396]. It is supposed that B-CLL

cells derive from self-reactive B cell precursors, as antigens recognized by B-CLL antibod-

ies often include auto-antigens, e.g. oxidized LDL, apoptotic cells, but also bacteria [399,

400]. Autoreactive BCRs are thought to lead to constitutive BCR signaling in vivo [396,

401]. This enhanced B cell activation is more commonly seen in patients with unmu-

tated IgVH, re�ecting the more aggressive disease, as patients with mutated IgVH mostly

have anergic B-CLL cells [396, 402]. Today, B-CLL is generally considered as treatable,

but is still incurable [403]. Di�erent treatments for B-CLL that are commonly used are:

chemotherapy (purine analogoues, alkylating agents), chemoimmunotherapy (anti-CD20

mAb in combination with chemotherapy) which is the �rst-line treatment of B-CLL, in-

hibitors of BCR signaling (BTK inhibitors, PI3K inhibitors, Syk inhibitors), and Bcl-2

inhibitors [396].

Besides clinical staging and the division into mutated and unmutated IgVH [404, 405],

di�erent prognostic markers have been established for B-CLL, including expression of

ZAP70 [406, 407], CD38 [405, 408], CD49d [409, 410], and genomic aberrations [410�412].
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Figure 1.8: Origin and progression of B-CLL. (A) Cellular origin of B-CLL cells. Normal B cells after
V(D)J recombination, that have functional B cell receptors (BCR) on their surface bind antigens and
interact with CD4+ T helper (TH) cells and accessory cells to form vesicles in lymphoid tissue, called
germinal centers. In germinal centers, B cells proliferate and undergo somatic hypermutation (SHM)
(dark zone) and interact with follicular DCs (FDCs) and TH cells and are selected for BCR a�nity (light
zone). B-CLL cells with unmutated IgVH originate from B cells before SHM, B-CLL cells with mutated
IgVH originate from B cells that went through di�erentiation and selection in the germinal center and
some might also did isotype switch. (B) Proliferative and anti-apoptotic microenvironment in B-CLL
proliferation centers. B-CLL cells migrate into lymphoid tissues, e.g. lymph nodes, dependent on the
chemokine receptors CCR7 and CXCR4 and their ligands. Within lymphoid tissues several chemokines
promote B cell survival e.g. CXCL12, B cell activating factor (BAFF), a proliferation-inducing ligand
(APRIL), and CCR7 ligands. Moreover B-CLL cell survival and proliferation is promoted by other factors
e.g. CD31:CD38 interaction, WNT factors, CD40:CD40L interaction, and secretion of cytokines e.g. IL-2,
IL-4, and IL-10. Moreover cell-cell interactions are supported by integrins and their ligands e.g.α4β1 on
B-CLL cells and VCAM-1 on stromal cells. Figure adapted from [396].

1.6.1 Integrins in B-CLL

The integrin CD49d (the α4 subunit of the α4β1 integrin, VLA-4) is the strongest, easily

measurable (by �ow cytometry), prognostic marker to predict treatment-free progression

and overall survival in B-CLL [409]. CD49d is involved in B cell migration, activation,

survival, and tra�cking [409, 413]. High expression of CD49d, that is regulated by a

methylation-dependent mechanism [414], allows the identi�cation a group of patients

having B-CLL with fast progression and short survival [409]. Moreover, it increases the

prognostic power of CD38, ZAP70 and IgVH mutation status [413].

The cytogenic aberration trisomy 12 is common in B-CLL (14% of cases) and de�nes

a subgroup of patients with distinct features [415]. Increased CD49d, and also CD11a,

expression has been correlated to trisomy 12 [415, 416]. Moreover, trisomy 12 cells were
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shown to have increased integrin signaling. They have enhanced VLA-4 mediated adhesion

and motility, and this might be due to increased expression of CalDAG-GEF, Rap1, and

RAPL, that are involved in regulation of integrin a�nity [416, 417]. Furthermore, trisomy

12 is associated with high proliferation rates of B-CLL [418], progressive disease [419], and

lymph node in�ltration [416, 420]. The integrin LFA-1, whose α-chain CD11a shows high

expression in trisomy 12 patients [415], is normally expressed in very low amounts on B-

CLL cells. Interestingly, when B-CLL regained LFA-1 expression they were able to rapidly

transmigrate endothelium [421]. Implying an important role for integrins mediating the

ability of B-CLL cells to invade into tissues, e.g. lymph nodes and bone marrow.

1.6.2 ZAP70 in B-CLL

Normally, B cells do not express ZAP70, but they express the ZAP70 homolog spleen

tyrosine kinase (Syk), that mediates BCR signaling [422]. ZAP70 is expressed in 37-

57% of B-CLL patients, and correlates with a poor clinical outcome [406, 407, 423, 424].

ZAP70 expression is correlating with unmutated IgVH genes [406, 423, 425, 426]. However,

ZAP70 might be a stronger marker for disease outcome than the mutation status of IgVH

genes [424, 427]. Despite the correlation between ZAP70 expression and fast progression

of B-CLL its role in the pathomechanism of B-CLL is not completely understood. ZAP70

expression in B-CLL might be caused by reduced expression of mir-15a and mir-16-1

that are associated with a SNP. Normally mir-15a and mir-16-1 repress the expression

of ZAP70 [396, 428, 429], thus B-CLL was the �rst disease that was associated with

alterations in miRNA expression [396].

One mechanism how ZAP70 might contributes to disease progression is by its role in BCR

signaling. Importantly, most B-CLL express Syk at a normal level and do not require

ZAP70 for normal BCR signaling [396, 430]. However, ZAP70-expression in B-CLL is

associated with enhanced BCR signaling, cell-survival and migration [425, 430]. Unlike

Syk, ZAP70 does not work as kinase in BCR signaling, but is acting as adapter protein

independent of its kinase activity [430]. Besides its potential role in BCR siganling, ZAP70

is supposed to play a role in B-CLL cell adhesion and migration. One study showed that

adhesion of ZAP70-positive B-CLL cells to stromal cells, induced by chemokines (IL-4,

IL-8, and IL-6), is enhanced, compared to ZAP70-negative B-CLL cells. Interestingly

this could be blocked by inhibition of PI3K, that is known to be involved in signaling to

integrins [431]. Moreover, ZAP70 expression of B-CLL is shown to be accompanied by
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increased migratory potential towards the chemokines CXCL12, CCL19, and CCL21 [408,

432, 433].

1.6.3 Chemokine receptors in B-CLL

B cells, in contrast to T cells, do not rely on CCR7 to enter lymph nodes, as B cell frequen-

cies in lymph nodes are not drastically decreased CCR7 knockout mice [125]. Moreover,

it is demonstrated that B cells can use the CXCR4/CXCL12 axis to enter lymph nodes

[434]. Thus, CCR7 and CXCR4 are both used for the transition of B cells, and probably

also B-CLL cells, from rolling to �rm adhesion on endothelial cells having immobilized

CCR7 ligands or CXCL12 on their surface [435�437]. Interestingly, expression of the

chemokine receptors CCR7, CXCR5 and CXCR4 is described to be increased in patients

with lymphadenopathy and in patients with advanced disease [435�437]. Whereby B-CLL

patients with no involvement of lymph nodes show no or very little expression of CCR7,

and low levels of CXCR4 [437].

The chemokine receptor CCR7 was previously described to be involved in cancer cell

dissemination and metastasis formation [438]. Expression of CCR7 on tumor cells has

been reported for breast cancer, melanoma, non-small cell lung cancer, head-and-neck

cancer, stomach cancer, colorectal cancer, T cell leukemia, non-Hodgkin's lymphoma and

B-CLL [439]. Several studies showed a crucial role for CCR7 in lymph node in�ltration

and metastasis formation in draining lymph nodes [11, 438, 440, 441]. An anti-CCR7

monoclonal antibody has been proposed as treatment option e.g. for B-CLL, as these

cells show tendencies to invade lymph nodes, spleen, and bone marrow [442]. Besides its

role in lymph node in�ltration of B-CLL cells, CXCR4 and its ligand CXCL12 might be

critically involved in invasion of B-CLL cells into bone marrow. As bone marrow stromal

cells secrete high amounts of CXCL12, that attracts B-CLL cells via CXCR4 [443]. In-

terestingly, it has been shown that ZAP70 promotes the in�ltration of bone marrow by

B-CLL, it enhances CXCR4 signaling and thus migration towards the ligand of CXCR4,

but did not alter the expression of CXCR4 [444].

As described above, B-CLL cells from patients with trisomy 12 show increased CD49d

expression. Moreover, trisomy 12 B-CLL are described to have reduced expression of

CXCR4, but have normal expression of CCR7 [416]. Interestingly, Ganghammer et al.

show that trisomy 12 B-CLL cells have defects in arrest on VLA-4 under �ow, when stim-

ulated with CXCL12, but show normal adhesion to VLA-4 under �ow when stimulation

was done with CCL21, despite the lower expression of CCR7 by CD49d-positive cells [416].
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Moreover, it was shown that the negative prognostic marker ZAP70 enhances migration

of B-CLL towards CCL21, by inducing CCR7 expression via IgM-mediated activation

of ERK1/2 [445]. Additionally, this study demonstrated that cellular subsets with high

ZAP70-expression had not only higher expression of CCR7, but also had slightly more

CD49d expressed [445], what is in contradiction to what was shown by Ganghammer et

al. who showed that CD49d-positive B-CLL had lower expression of CCR7, compared to

CD49d-negative B-CLL [416]. However, based on the literature, even if the studies are

partially contradictory, it can be supposed that regulation of expression and signaling by

chemokine receptors is crucially involved in the pathomechanism of B-CLL.
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1.7 Aim of the study

The chemokine receptor CCR7 and its ligands, the homeostatic chemokines CCL19 and

CCL21, are central in adaptive immunity. By guiding naive T cells and mature dendritic

cells to lymph nodes, and optimizing intranodal migration as well as the scanning-behavior

of T cells, CCR7 ensures optimal immune surveillance. Moreover, in mice CCR7 is shown

to have costimulatory activity to enhance T cell activation. Despite the well-described

role of CCR7 in the immune system, based on studies that were mainly conducted in

mice, the knowledge about the molecular mechanisms, how CCR7 mediates its versatile

functions, is incomplete.

The objective of this study is to gain more insights into the molecular mechanisms of how

CCR7 signaling can be modulated, to allow CCR7 to act di�erentially on various cell types.

Moreover, we aimed to identify new signaling pathways downstream of the chemokine

receptor CCR7. Thus, in this dissertation the following questions were addressed:

� What is the function of the intracellular receptor pool of CCR7? Is the portion of

CCR7 that is intracellular varying for di�erent cell types? Does it change during

maturation or di�erentiation of cells? Is the intracellular pool of CCR7 contributing

to signaling, and if yes, how?

� How is CCR7 post-translationally modi�ed, for example glycosylated, and what are

the functional consequences?

� The Syk family non-receptor tyrosine kinase ZAP70 was identi�ed as an potential

interaction partner of tyrosine phosphorylated CCR7 in a previous study. Can

we con�rm ZAP70 as an interaction partner of CCR7? Is ZAP70 involved in the

crosstalk between CCR7 and the T cell receptor and does it contribute to the cos-

timulatory activity of CCR7 in T cell activation?

� ZAP70 is described as negative prognostic marker in B cell chronic lymphocytic

leukemia (B-CLL). Is ZAP70 involved in CCR7 signaling in B-CLL cells? And if

yes, does CCR7 signaling via ZAP70 kinase in�uence B-CLL behavior, explaining

the more aggressive ZAP70-positive form of B-CLL?
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2.1 Abstract

Chemokine-guided cell migration is pivotal for many immunological and developmental processes.

How chemokine receptor signaling persists to guarantee sustained directional migration despite

receptor internalization and desensitization remains poorly understood. Here, we uncover a func-

tion for the intracellular pool of the chemokine receptor CCR7 in human dendritic cells. We �nd

that chemokine sensing at the plasma membrane initiates tra�cking of β-arrestin and Src kinase

to the intracellular pool of CCR7 localized at endosomes and the TGN. Src tra�cking results

in tyrosine phosphorylation of CCR7 which is crucial for the formation of an endomembrane

speci�c multi-protein signaling complex comprising CCR7, the Rho GEF Vav1 and its e�ector

Rac1. We further �nd that the endomembrane speci�c signaling complex subsequently tra�cs to

con�ned areas at the plasma membrane resulting in local actin-dependent membrane protrusion.

Our �ndings suggest that extracellular sensing of CCR7 ligands drives an endomembrane-speci�c

signaling complex coupled to a �compass� to promote spatial signaling and sustained directional

migration.
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2.2 Introduction

Chemokines are pivotal orchestrators of cell migration. Thereby, locally produced chemokines

provide essential guidance cues for organogenesis, regeneration and immune surveillance, but

also for many diseases [446]. To promote directional migration, cells must be able to read guid-

ance cues and to translate the spatial information of the chemokine gradient into persisting

signaling cascades resulting in cell polarization and directed migration [447]. The migratory

capacity of leukocytes is remarkably versatile and adaptable as these cells not only crawl along

or traverse vessels, but also navigate through all kind of tissue. To achieve this, leukocytes

must be equipped with reliable mechanism(s) of precisely reading and interpreting guidance

cues. Leukocytes recognize chemokines through cognate chemokine receptors, which span the

plasma membrane sevenfold and belong to class A of the G protein-coupled receptor (GPCR) su-

perfamily [448]. Consistent with the classical paradigm for GPCR signaling, chemokine receptors

undergo conformational changes in response to chemokine binding that catalyze the exchange

of GDP for GTP in the Gαi-subunit of the heterotrimeric G protein on the cytosolic part of

the receptor [446, 449]. GDP-to-GTP conversion triggers the dissociation of the Gαi-subunit

from the Gβγ-subunit, both of which then initiate downstream signaling. Shortly after G pro-

tein activation, chemokine receptors, as exempli�ed for CCR7, are phosphorylated on serine and

threonine residues situated in the tail of the receptor by either GPCR kinases (GRKs) [194] or

by second-messenger-dependent protein kinases [193], leading to the recruitment of β-arrestins

and consequent internalization of the receptor into clathrin-coated pits [450]. In general, inter-

nalized GPCRs were initially considered to be silenced or desensitized. For instance, CXCR4

internalization and thereby the control over signaling intensity was found to regulate precise

arrival of zebra�sh primordial germ cells at its target site, the gonad [451], while sorting of inter-

nalized CXCR4 to lysosomes for degradation in mammalian cells was found to be consistent with

termination of signaling [452]. However, other chemokine receptors like the homing chemokine

receptor CCR7 and in�ammatory chemokine receptor CCR5 enter the recycling pathway to be

delivered back to the plasma membrane where they replenish the cell surface with �fresh�, ligand-

free receptors that re-participate in chemokine sensing [90, 450, 453].

The paradigm that canonical GPCR-mediated activation of cognate heterotrimeric G proteins is

con�ned to the plasma membrane has been challenged over the last few years [454]. Interestingly,

the immunomodulating drug FTY720P, a functional antagonist for sphingosine-1-phosphate re-

ceptor 1 (S1P1), promoted both long-lasting internalization of S1P1 and persistent signaling,

which resulted in increased chemokinetic migration of endothelial cells [455]. More recently, sus-

tained β2-adrenergic receptor (β2AR) signaling from endosomes was found not only to involve

the GPCR and its cognate heterotrimeric G protein, but also β-arrestin [456, 457]. Whether

chemokine receptors also signal from endosomes and whether sustained signaling from endo-

somes facilitates directed cell migration has, to our knowledge, not been addressed. Such a
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scenario is appealing as activation of the small GTPase Rac by motogenic receptor tyrosine ki-

nases was discovered to occur at early endosomes and the subsequent tra�cking of Rac to the

plasma membrane ensured the formation of actin-based protrusions at the cellâs leading edge

[458].

To explore potential chemokine receptor signaling from endomembranes and its contribution to

guided cell migration, we used CCR7 as model system. CCR7 together with its ligands CCL19

and CCL21 control a diverse array of migratory events in health and disease [60, 108, 438]. Most

prominently, CCR7 is essential for guiding dendritic cells (DCs) and lymphocytes from periph-

eral tissues via lymph or blood vessels into lymph nodes from where they launch an adaptive

immune response [108]. Interestingly, a fraction of CCR7 is known to constitutively reside in

endomembrane compartments, including early endosomes and the trans-Golgi-network (TGN)

[191] . Beside constitutive tra�cking of CCR7 in the absence of ligands, only CCL19 (but not

CCL21) stimulation results in profound ligand-induced receptor internalization [450, 459] involv-

ing η-arrestins [193, 460]. Internalized CCR7 is then recycled back to the plasma membrane

through the TGN route [191], similarly to CCR5 [461]. Here, we show that upon chemokine

stimulation β-arrestins in complex with the tyrosine kinase Src is recruited to endomembranes,

where Src phosphorylates the intracellular pool of CCR7. Tyrosine phosphorylation of endosomal

CCR7 creates a docking-site for the Rho-GEF Vav1. Subsequently, we found that Rac1 is �rst

recruited to a specialized endomembrane-speci�c CCR7 signaling complex in a Vav1-dependent

manner, followed by tra�cking to the plasma membrane where local actin protrusions required

for directional migration are formed.

2.3 Results

2.3.1 Leukocytes possess distinct intracellular pools of CCR7 residing at endomembranes

Continuous CCR7 signaling over the timescale of hours is key for leukocyte motility in chemokine-

rich lymph nodes [117, 462] while chemokine-triggered CCR7 itself has been shown to be rapidly

(in seconds/minutes) desensitized [131, 193], internalized [450, 459] and subsequently recycled

back to the plasma membrane to re-participate in chemokine recognition and cell migration

[191]. This somehow opposing observations raise the question how continuous CCR7 signaling

is maintained. Of note, GFP-tagged CCR7 was previously found to be expressed at the plasma

membrane, but also at endomembranes, such as early endosomes and the TGN in transfected

cell lines [191, 450]. To explore potential endomembrane chemokine receptor signaling and its

role in promoting cell migration, we �rst re-evaluated the localization of endogenous CCR7 in

the absence of ligands in primary human leukocytes by �ow cytometry. Cell surface expression

of CCR7 was assessed by staining leukocytes with saturating concentrations of a �uorescently
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Figure 2.1: Leukocytes possess distinct intracellular pools of CCR7 residing at endomem-
branes. (A) Cell surface and intracellular levels of CCR7 determined by �ow cytometry. Primary
human CD3 or CD19 positive lymphocytes, as well as immature and matured MoDCs were surface
stained with monoclonal anti-CCR7 antibody directly coupled to FITC or APC. Subsequent, cells were
�xed, permeabilized with saponin, and intracellular CCR7 was stained with the same monoclonal anti-
CCR7 antibody coupled to the other �uorophore. Surface staining of one �uorophore was compared to
intracellular staining of the same �uorophore on another sample. Depicted are independent experiments
of at least 4 healthy donors. (B/C) Upregulation of CCR7 upon maturation of MoDCs in the presence
or absence of PGE2. CCR7 expression was monitored on mRNA level using quantitative real time PCR
(B) or on protein level by Western blotting (C). Depicted are values of 6 independent donors (B) and
shown is one donor out of three (C). (D) Human MoDCs matured in the presence or absence of PGE2

were stained for CCR7 and the trans-Golgi-network marker TGN46 and analyzed by confocal microscopy.
Depicted are micrographs from one donor out of three. Scale bars: 10µm.

labelled monoclonal anti-CCR7 antibody. The same cells were subsequently �xed, permeabilized

and stained with the same anti-CCR7 antibody but labeled with another �uorophore to deter-

mine the intracellular pool of the chemokine receptor. We found that the majority of CCR7
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was expressed at the plasma membrane of sorted CD3+ T and CD19+ B lymphocytes isolated

from blood of healthy human donors (Fig. 2.1A). Nonetheless, about one third of the receptor

constitutively localized intracellularly in all donors tested. Next, we measured CCR7 expression

on human monocyte-derived dendritic cells (MoDCs). Immature MoDCs expressed only low

levels of CCR7 (Fig. 2.1B,C) [192, 463] and most of it was found intracellularly (Fig. 2.1A).

As expected, CCR7 expression was signi�cantly upregulated on MoDCs matured with a cocktail

of pro-in�ammatory cytokines, both on the mRNA and protein levels (Fig. 2.1B,C). To our

surprise, CCR7 expression in mature MoDCs was still predominantly found intracellularly (Fig.

2.1A). As e�cient DC migration towards CCR7 ligands requires a second signal provided by

the in�ammatory mediator prostaglandin E2 (PGE2) [192, 463], we addressed CCR7 localiza-

tion on MoDCs matured by cytokine cocktail supplemented with PGE2. Noteworthy, including

PGE2 to the maturation stimulus resulted in partial redistribution of CCR7, but roughly 60% of

CCR7 remained intracellularly (Fig. 2.1A). We further investigated the intracellular localization

of CCR7 in human MoDCs by confocal microscopy. In mature MoDCs CCR7 localized both

at the plasma membrane as well as at intracellular compartments, where the receptor partially

co-localized with the marker TGN46 (Fig. 2.1D). These data reveal that CCR7 is present con-

stitutively at the plasma membrane as well as at endomembranes of primary human leukocytes.

Notably, the pool of intracellular residing CCR7 in the steady-state (i.e. in the absence of its

ligand) varies among di�erent leukocyte subsets, being highest in DCs.

2.3.2 CCR7, but not CCR5, establishes and maintains an endomembrane resident receptor

pool

To examine how the intracellular pool of CCR7 is established and maintained, we stably expressed

YFP-tagged CCR7 in HEK293 cells and recapitulated plasma membrane and TGN residency of

the receptor (Fig. 2.2A) [191]. Treating the cells with dynasore to prevent clathrin-mediated

receptor endocytosis or with cycloheximide to inhibit de novo protein synthesis partially re-

duced the TGN-residing pool of CCR7, while the plasma membrane residing pool of the receptor

increased (Fig. 2.2B). Inhibiting both pathways by combining dynasore and cycloheximide sig-

ni�cantly shifted the balance towards plasma membrane residing CCR7 (Fig. 2.2B). These data

demonstrate that ligand-independent constitutive CCR7 tra�cking from the plasma membrane

to endosomes together with de novo receptor synthesis establishes and maintains an endomem-

brane residing CCR7 pool. To further investigate the contribution of the secretory pathway

in forming the endomembrane receptor pool, we exploited the retention using selective hooks

(RUSH) system [464]. Therefore, we fused GFP-tagged CCR7 to a streptavidin-binding pep-

tide and co-expressed it together with an ER-anchored hook fused to streptavidin, resulting in

ER-retained CCR7-GFP (Fig. 2.2C). Addition of biotin allows a synchronous release of the

chemokine receptor from the hook and the ER, respectively. After 30 min of biotin addition
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Figure 2.2: De novo synthesis and steady-state tra�cking establish TGN-residing CCR7
pool. (A) CCR7 YFP colocalizes with TGN46 in stable transfected HEK293 cells. Shown are confocal
images and 3D reconstructions. Scale bars 10µm. (B) HEK293 cells stably expressing CCR7 YFP were
treated for 20h with dynasore (80µM) and/or 6h CHX (50µg/ml) or left untreated. Cells were �xed and
CCR7 YFP distribution was analyzed by confocal microscopy. Images of one of three experiments, scale
bars 10µM (B(I)). The ratio of CCR7 YFP localized at the TGN and PM were calculated by dividing the
mean �uorescence intensities at de�ned areas by the mean �uorescence intensity of the whole cell. 50 cells
per condition were analyzed (B(II)). (C) Micrographs of synchronized release of CCR7 GFP from ER
resident hooks. HEK293 cells were transiently transfected with the CCR7-RUSH construct. ER-hooked
CCR7 GFP was synchronically released upon addition of 45µM biotin and �xed at de�ned time points.
Cells were stained for TGN46 and F-actin and visualized by confocal microscopy. One experiment out of
three. Scale bars: 10µm.
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CCR7-GFP arrived at the Golgi apparatus, but did not yet reach the TGN region (Fig. 2.2C).

Profound and continuous colocalization of ER-released CCR7-GFP with TGN46 was found after

4, 24 and 48 h (Fig. 2.2C, and data not shown). Surprisingly, only a minor fraction of CCR7-

GFP reached the plasma membrane 48h after releasing the receptor form the ER (Fig. 2.2C).

In contrast, using the same system, the in�ammatory chemokine receptor CCR5 fused to GFP,

which also recycles via the TGN [461], has readily passed the TGN region after 4 h of biotin addi-

tion on its way to the plasma membrane (supplementary Fig. 2.S1). Unlike CCR7, ER-released

CCR5-GFP reached the plasma membrane within 4 h and after 48 h the TGN was almost com-

pletely discharged (supplementary Fig. 2.S1). These data point to a substantial di�erence in

continuous intracellular tra�cking between the two chemokine receptors. Moreover, using the

RUSH system, we show that protein synthesis together with constitutive receptor tra�cking

establishes and maintains an endomembrane-residing pool of CCR7.

Figure 2.S1: Activated T cells and MoDCs possess only a minor pool of CCR5 which rapidly
translocates to the plasma membrane. (A)Micrographs of synchronized release of CCR5 GFP from
ER resident hooks. HEK293 cells were transiently transfected with the CCR5-RUSH construct. ER-
hooked CCR5 GFP was synchronically released upon addition of 45µM biotin and �xed at de�ned time
points. Cells were stained for TGN46 and F-actin and visualized by confocal microscopy. One experiment
out of three. Scale bars: 10µm. (B) Flow cytometric analysis of CCR5 subcellular distribution of 9d
CD3/CD28 activated T cells (left panel) and MoDCs matured in the presence of PGE2 (right panel).
Cells were surface stained with monoclonal anti-CCR5 antibody coupled to FITC or APC. Subsequent,
cells were �xed, permeabilized, and intracellular CCR5 was stained with the same monoclonal anti-CCR5
antibody coupled to the other �uorophore. Depicted are independent experiments of at least 3 healthy
donors. Scale bars: 10µm.
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2 Endomembrane speci�c signaling promotes CCR7-driven DC migration

2.3.3 Identi�cation of an endomembrane speci�c CCR7 signaling complex

In a screen for interaction partners of CCR7 we identi�ed the guanine-nucleotide exchange fac-

tor Vav1 to directly associate with chemokine-stimulated, tyrosine phosphorylated CCR7 [192];

but neither the localization of the interaction nor its function had been investigated. Thus, we

�rst analyzed CCR7-Vav1 interaction in situ by proximity ligation (PLA) in human mature

MoDCs. As expected, we observed no interaction of endogenous CCR7 with endogenous Vav1

in unstimulated human mature MoDCs (Fig. 2.3A). Stimulation of mature MoDCs with ei-

ther CCL19 or CCL21, however, led to a profound interaction of CCR7 with Vav1, indicating

that the recruitment of Vav1 to CCR7 is ligand dependent (Fig. 2.3A). To our surprise, Vav1

interaction with CCR7 was not con�ned to the plasma membrane, but to intracellular compart-

ments as manifested by intracellular red �uorescent dots (Fig. 2.3A). To gain information on the

dynamics of the CCR7-Vav1 interaction we conducted Förster resonance energy transfer after

acceptor bleaching (FRET-AB) measurements in HEK293 cells expressing CFP-tagged CCR7

and YFP-tagged Vav1. Stimulation of cells with either CCL19 or CCL21 resulted in rapid and

transient recruitment of Vav1 to CCR7, which peaked after 1 to 3min of chemokine stimulation

and ceased after 10min (Fig. 2.3B). Next, we exploited split-YFP based bimolecular �uorescence

complementation (BiFC) [465], which we have successfully used to monitor Src recruitment to

chemokine-triggered CCR7 [192], to further characterize the interaction. Thereby, we fused two

non-�uorescent YFP fragments to either CCR7 or Vav1. Upon interaction of CCR7 with Vav1

the two non-�uorescent halves of YFP1 and YFP2 will reconstitute to native YFP that emits

its �uorescent signal upon excitation. No BiFC was observed in non-stimulated cells as assessed

by confocal microscopy (Fig. 2.3C). In contrast, chemokine stimulation resulted in profound

CCR7-Vav1 interaction at endomembranes. In fact, chemokine-dependent Vav1 recruitment to

CCR7 was predominantly found in the TGN region (Fig. 2.3C). Chemokine-driven BiFC be-

tween CCR7 and Vav1 was additionally, but to a lesser extent, found at EEA1-positive early

endosomes (Fig. 2.3D), as well as at the GM130-positive cis-Golgi and the giantin-positive

medial-Golgi region (supplementary Fig. 2.S2). Unexpectedly, but in line with the PLA data

described above, we hardly observed CCR7-Vav1 interaction by BiFC at the plasma membrane.

To con�rm this observation, we N-terminally tagged CCR7 with a StrepII-tag permitting cell

surface labeling of the receptor with �uorescently labelled StrepTacin®. Stimulation of these

cells with either CCL19 or CCL21 resulted in CCR7-Vav1 complementation at endomemranes

that barely include the StrepTacin® label (Fig. 2.3E). These data indicate that CCR7 triggering

at the plasma membrane initiates a signaling cascade which results in the interaction of CCR7

with Vav1 at endomembranes.
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Figure 2.3: Speci�c recruitment of Vav1 to TGN-residing CCR7 pool. (A) Endogenous CCR7-
Vav1 interaction in human mature MoDCs was assessed in situ by PLA. 3D reconstructions were per-
formed using 0.13µm confocal stacks and Imaris. One micrograph from three independent donors. Scale
bars: 10µm. continued on following page
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2 Endomembrane speci�c signaling promotes CCR7-driven DC migration

continued from preceding page (B) CCR7-Vav1 interaction as determined by FRET acceptor bleaching
and confocal imaging in HEK293 cells. Cells stably expressing Vav1 EYFP were transiently transfected
with CCR7 ECFP and stimulated with 0.5µg/ml CCL19 or CCL21 for indicated time points. Mean ±
SEM of 5 experiments, 10 cells per experiment. (ANOVA with Turkey post-test). (C) Chemokine-driven
CCR7-Vav1 interaction determined by BiFC colocalizes with TGN46. HEK293 cells were transiently
transfected with Vav1 YFP1 and CCR7 YFP2, stimulated for indicated time points with 0.5µg/ml
CCL19 or CCL21 and monitored by confocal microscopy. One experiment out of three. (D) CCR7-
Vav1 interaction determined by BiFC colocalizes with the early endosome marker EEA1 upon CCR7
triggering with 0.5µg/ml CCL19 or CCL21. One of three experiments. (E) N-terminally StrepII-tagged
CCR7 YFP1 and Vav1 YFP2 were transiently co-transfected into HEK293 cells and surface CCR7 was
directly labeled with StrepTactin568. CCR7-Vav1 interaction was visualized using BiFC after stimulation
of cells with 0.5µg/ml CCL19 or CCL21. One experiment out of three. Scale bars 10µm.

Figure 2.S2: Figure S2. Endomembrane CCR7 interacts with Vav1 on Golgi structures
upon CCR7 triggering. (A/B) Colocalization analysis of CCR7-Vav1 interaction visualized by BiFC
using cis-Golgi marker GM130 (A) or medial-Golgi marker giantin (B). HEK293 cells were transiently
transfected with Vav1 YFP1 and CCR7 YFP2, stimulated for indicated time points with 0.5µg/ml CCL19
or CCL21 and analyzed by confocal microscopy. One experiment out of three. Scale bars: 10µm.

To advance the concept of endomembrane CCR7 signaling, we isolated and character-

ized the CCR7-Vav1 signaling complex. Therefore, we exploited the BiFC technology

and subsequently puri�ed the complemented CCR7-splitYFP2/Vav1-splitYFP1-signaling

complex using a GFP-nano-trap®, which consists of an immobilized single stranded camel-

idae antibody that recognizes exclusively the tertiary structures of native GFP/YFP, and

in our case the complemented YFP. Mass spectrometry analysis of the isolated CCR7-

Vav1 BiFC complex revealed that the adaptor protein 14-3-3ε, but not other signaling

molecules or endomembrane markers, were speci�cally eluted from the GFP-nano-trap®
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of chemokine-stimulated samples. We con�rmed the interaction of endogenous CCR7 with

14-3-3ε upon chemokine stimulation in human mature MoDCs by PLA (Fig. 2.4A). No-

tably, 14-3-3 proteins bind to phosphorylated serine/threonine residues of target proteins

[466] and a C-terminal serine-cluster in CCR7 becomes phosphorylated upon chemokine

triggering [193]. Hence, if the interaction is speci�c, we expected that pharmacological

inhibition of serine/threonine kinases by staurosporine should prevent the interaction of

CCR7 with 14-3-3ε. Indeed, treating human mature MoDCs with staurosporine abrogated

chemokine-driven CCR7-14-3-3ε interaction (Fig. 2.4B). Using the BiFC system we then

con�rmed that CCR7 interacted with 14-3-3ε in cells stimulated with either CCL19 or

CCL21 (Fig. 2.4C). Chemokine-mediated interaction of CCR7 with 14-3-3ε was readily

observed both at the plasma membrane as well as at endomembranes (Fig. 2.4C), whereas

Vav1 interacted with 14-3-3ε already under steady state conditions (Fig. 2.4D). However,

we were unable to provide experimental evidence that 14-3-3ε is essential for establishing

the endomembrane CCR7 signaling complex.

2.3.4 Formation of the endomembrane speci�c CCR7 signaling complex is independent of

G protein-coupling, but depends on Src kinase activity

To dissect the CCR7 signaling cascade initiated at the plasma membrane that drives

endomembrane speci�c CCR7-Vav1 interaction, we �rst pharmacologically blocked Gαi

protein activation by treating cells with Bordetella pertussis toxin (PTx). Interestingly,

chemokine-driven CCR7-Vav1 BiFC at endomembranes was insensitive to PTx treatment

(Fig. 2.5A,E). Similar results were obtained by using a CCR7-DNY mutant (Fig. 2.5B),

that is known not to transmit G protein-dependent signals [90]. We recently identi�ed

that chemokine-binding results in tyrosine phosphorylation of CCR7 at residue Y155 by

Src kinase creating a docking site for SH2-domain containing signaling molecules [192].

Hence, we used a CCR7-Y155F mutant in our CCR7-Vav1 BiFC assay to assess the po-

tential role of Src in the formation of the endomembrane residing signaling complex. In

fact, no chemokine driven endomembrane CCR7-Vav1 interaction was observed in cells ex-

pressing the tyrosine phosphorylation-defective CCR7-Y155F mutant (Fig. 2.5C,E). This

�nding was corroborated by treating cells expressing wild-type CCR7 with the Src kinase

inhibitor PP2 or by expressing a kinase-dead form of the Src kinase (Fig. 2.5D). More-

over, expressing just the SH3-SH2-SH3 domains of Vav1 was su�cient to be recruited to

endomembrane-residing CCR7 upon chemokine stimulation (supplementary Fig. 2.S3G).

This supports the idea of an endomembrane-residing docking site for the SH2-domain of

Vav1 provided by tyrosine-phosphorylated CCR7 at endomembranes. Overall, these data
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2 Endomembrane speci�c signaling promotes CCR7-driven DC migration

provide clear evidence that chemokine-driven Src kinase activity is essential for establish-

ing the endomembrane speci�c CCR7-Vav1 signaling complex.

Figure 2.4: Figure 4. 14-3-3ε is recruited to CCR7 after stimulation. (A/B) Endogenous
CCR7-14-3-3 interaction in human mature MoDCs was assessed in situ by PLA. Mature MoDCs were
either pre-treated for 2h with 10µM staurosporine or left untreated and subsequently stimulated or not
with 0.5µg/ml CCL19 or CCL21. One image from three independent donors. (C/D) Interaction of either
CCR7 with 14-3-3ε (E) or Vav1 with 14-3-3ε (F) was visualized by BiFC upon chemokine stimulation.
Shown are confocal images from one out of three experiments. Scale bars 10µm.
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Figure 2.5: Chemokine-driven CCR7-Vav1 interaction at endomembranes requires Src ki-
nase activity but is G protein independent. (A) Chemokine-driven CCR7-Vav1 interaction mea-
sured by BiFC is insensitive to PTx treatment. HEK293 cells were transiently transfected with Vav1
YFP1 and CCR7 YFP2 and pre-treated with 100ng/ml PTx for 2h prior stimulation with 0.5µg/ml
CCL19 or CCL21. One experiment out of three. continued on following page
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continued from preceding page (B) HEK293 cells transiently transfected with Vav1 YFP1 and CCR7-DNY
YFP2 were stimulated or not with 0.5µg/ml CCL19 or CCL21. CCR7-DNY:Vav1 BiFC was analyzed by
confocal microscopy. One out of three experiments. (C) Impaired chemokine-driven CCR7-Vav1 BiFC in
HEK293 cells transiently expressing CCR7-Y155F YFP1 and Vav1 YFP2. One of three experiments. (D)
Chemokine-driven CCR7-Vav1 BiFC depends on Src kinase activity. HEK293 cells transiently transfected
with Vav1 YFP1 and CCR7 YFP2 were pre-treated with 10µM PP2 for 2h or alternatively co-transfected
with a kinase-dead form of Src (SrcKD). Shown are the micrographs form one out of three experiments.
Scale bars 10µm. (E/F) Quanti�cation of the CCR7-Vav1 interaction determined by BiFC and �ow
cytometry. HEK293 cells were transiently transfected with Vav1 YFP1 and CCR7 variants fused to
YFP2. Cells were additionally pre-treated with 100ng/ml PTX (E) or 10µM PP2 (F) prior chemokine
stimulation. Where indicated, SrcKD was co-transfected (F). Mean ± SEM of four experiments.

To further dissect the molecular mechanism of signal transmission from the plasma mem-

brane to the endomembrane compartment, we exploited recruitable Src kinase variants.

Therefore, we expressed either TGN or plasma membrane resident recruiters that har-

bor the rapamycin inducible dimerization domain FRBP [467] in HEK293 cells. Upon

addition of rapamycin, mRFP- and FKBP12-tagged Src translocated to the cognate re-

cruiter. By directly targeting Src to the TGN, CCR7 interacted readily with Vav1 at the

TGN region independently on extracellular chemokine stimulation (supplementary Fig.

2.S3A,C). Importantly, the endomembrane CCR7-Vav1 BiFC complex was not estab-

lished if a kinase-dead variant of Src (SrcKD) was recruited to the TGN (supplementary

Fig. 2.S3B,C) or when Src was targeted to the plasma membrane (supplementary Fig.

2.S3D). Interestingly, we observed a slight increase in actin polymerization as assessed by

F-actin staining using phalloidin upon rapamycin-induced recruitment of Src to the TGN

(supplementary Fig. 2.S3E). In contrast, no increase in F actin staining was apparent

when SrcKD was recruited to the TGN or when Src was recruited to the plasma mem-

brane (supplementary Fig. 2.S3E,F). Therefore, we concluded that tra�cking or direct

targeting of Src to endomembranes is critical to initiate the CCR7 speci�c endomembrane

signaling complex comprising Vav1.

2.3.5 β-arrestin and Src jointly drive plasma membrane to endomembrane signal translo-

cation to initiate the endomembrane speci�c CCR7 signaling complex

With growing evidence that Src is required for the initiation of the endomembrane signal-

ing complex between CCR7 and Vav1, we focused on the translocation of Src from the

plasma membrane to endomembranes. In fact, Src is known to display a dual localization

and its activation at the cell periphery can result in its relocalization to vesicular struc-

tures [468]. In line with this, active Src, phosphorylated at Y416, was observed both at

the plasma membrane as well as at endomembranes after CCL19 and CCL21 stimulation

(supplementary Fig. 2.S3H). As Src has been shown to directly interact with β-arrestin
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[469], we wondered whether β-arrestin - together with Src - is involved in transmitting

plasma membrane initiated CCR7 signaling to endomembranes. To address this, we �rst

monitored CCR7-Vav1 interaction by BiFC in mouse embryonic �broblast (MEFs) derived

from wild-type (wt) and β-arrestin1/β-arrestin2 double-de�cient mice [470]. As expected,

CCL19-driven CCR7-Vav1 BiFC was readily observed in wt MEFs (Fig. 2.6A). In contrast,

no endomembrane residing CCR7-Vav1 signaling complex was formed in β-arrestin1/2-

double-de�cient MEFs (Fig. 2.6A), whereas CCL19-driven CCR7-Vav1 BiFC was again

seen in β-arrestin2-/- single-de�cient MEFs and in β-arrestin1/β-arrestin2 double-de�cient

MEFs reconstituted with β-arrestin1 or β-arrestin2 (Fig. 2.6A). Hence, we demonstrated

that β-arrestin is part of the mechanism translocating the signal from the plasma mem-

brane to endomembranes and thereby is essential for establishing endomembrane CCR7

signaling.

Next, we addressed whether Src translocates together with β-arrestin to endomembrane-

residing CCR7. Therefore, we transfected Src-splitYFP1 and β-arrestin2-splitYFP2 into

HEK293 cells expressing HA-tagged CCR7. Src-β-arrestin BiFC was observed both at

the plasma membrane and at endomembranes and was enhanced upon CCR7 stimulation

(Fig. 2.6B). Moreover, Src-β-arrestin BiFC co-localized with CCR7 predominantly at en-

domembranes upon chemokine stimulation (Fig. 2.6B). We then monitored Src-β-arrestin

association and translocation using BiFC by life-cell imaging. Shortly after stimulation of

cells with CCL19, Src-splitYFP1 complemented with β-arrestin2-splitYFP2 (Fig. 2.6C).

Over time, more BiFC-labelled vesicles appeared and Src-β-arrestin BiFC �uorescence

intensity increased. In addition, Src-β-arrestin BiFC-labelled vesicles moved towards and

accumulated within peri-nuclear regions (Fig. 2.6C). Moreover, 3D reconstructions of the

β-arrestin-Src interaction in �xed cells revealed that Src-β-arrestin BiFC accumulated at

the TGN and its adjacent region (Fig. 2.6D). These data provide evidence that β-arrestin

in conjunction with Src drives chemokine-induced signal translocation initiated at the

plasma membrane to endomembranes, where Vav1 is recruited into the endomembrane

speci�c CCR7 signaling complex.
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2 Endomembrane speci�c signaling promotes CCR7-driven DC migration

Figure 2.S3: Src kinase activity is su�cient to induce CCR7-Vav1 interaction through the
Vav1 SH3-SH2-SH3 interaction motif. continued on following page
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continued from preceding page (A/B) Rapamycin induced recruitment of Src FKBP12 RFP (A) or Sr-
cKD FKBP12 RFP in HEK293 cells stably expressing the TGN recruiter construct TGN38-FRB-CFP
upon addition of 100nM rapamycin. Simultaneously, initiation of CCR7-Vav1 interaction was visualized
by BiFC and confocal microscopy. Shown are the micrographs form one out of three experiments. (C/D)
Flow cytometric quanti�cation of CCR7:Vav1 interaction by BiFC after 100nM rapamycin induced re-
cruitment of Src FKBP12 RFP or SrcKD FKBP12 RFP in HEK293 cells stably expressing either the
TGN recruiter construct TGN38-FRB-CFP (C) or the PM recruiter PM2-FRB-CFP (D). Mean ± SEM
of three experiments. (E/F) Flow cytometric quanti�cation of F-actin polymerization by phalloidin
staining after 100nM rapamycin induced recruitment of Src FKBP12 RFP or SrcKD FKBP12 RFP in
HEK293 cells stably expressing either the TGN recruiter construct TGN38-FRB-CFP (E) or the PM
recruiter PM2-FRB-CFP (F). Mean ± SEM of three experiments. (G) Confocal images of BiFC be-
tween the SH3-SH2-SH3 domains of Vav1 fused to YFP1 and CCR7 fused to YFP2 upon stimulation
with 0.5µg/ml CCL19 or CCL21. Shown are pictures from one out of three independent experiments.
Scale bars 10µm. (H) Phospho-Src Y416 was stained in either HEK293 wild type (wt) cells or HEK293
cells stably transfected with CCR7 HA. Cells were stimulated with 0.5µg/ml CCL19 or CCL21 and Src
activation determined by confocal microscopy using an antibody speci�c for Src phosphorylated at Y416.
One out of three experiments. Scale bars: 10µm.
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2 Endomembrane speci�c signaling promotes CCR7-driven DC migration

Figure 2.6: Endomembrane CCR7-Vav1 interaction relies on Src:β-arrestin interaction. (A)
The CCR7-Vav1 endomembrane complex is not formed in β-arrestin-de�cient cells. MEFs derived from
wild-type (wt), β-arrestin2-/- single knockout, β-arrestin1/2-/- double knockout mice were transiently
transfected with Vav1 YFP1 and CCR7 YFP2. Cells were stimulated with 0.5µg/ml CCL19 and en-
domembrane CCR7:Vav1 interaction was determined by BiFC and confocal microscopy. Where indicated
β-arrestin1/2-/- double knockout MEFs were rescued by expressing either β-arrestin1 or β-arrestin2. One
experiment out of three. Scale bars 10µm. continued on following page
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continued from preceding page (B) CCR7 colocalizes with the Src-β-arrestin BiFC complex upon
chemokine stimulation. HEK293 cells stably expressing CCR7-HA were transiently transfected with
Src YFP1 and β-arrestin2 YFP2 and subsequently stimulated with 0.5µg/ml CCL19 or CCL21. CCR7
was stained using an anti-HA tag speci�c antibody and Src-β-arrestin BiFC was monitored by confocal
microscopy. One experiment out of three. (C) Time-series of a representative life cell imaging experiment
using HEK293 cells transiently expressing Src YFP1 and β-arrestin2 YFP2. Cells were stimulated with
0.5µg/ml of CCL19 at t=0sec. Confocal images were taken every 10sec over a time period of 10min.
One of three experiments. (D) 3D reconstruction of 0.13µm confocal stacks of β-arrestin2:Src BiFC
complex that associates upon stimulation of transiently transfected HEK293 cells with 0.5µg/ml CCL19
or CCL21. Cells were co-stained for TGN46 and the actin cytoskeleton (phalloidin coupled to Alexa647).
One experiment out of three. Scale bars: 10µm.

2.3.6 Endomembrane CCR7-Vav1 signaling complex controls spatial Rac1 activation

So far, we have demonstrated that CCR7 signaling initiated upon chemokine binding

at the plasma membrane results in the formation of an endomembrane residing CCR7-

Vav1 signaling complex. In addition, we have shown that β-arrestin and Src are key

for establishing the endomembrane residing CCR7-Vav1 signaling complex. As Vav1

is a guanine-nucleotide exchange factor for Rac1 [471], and because Rac activation by

receptor tyrosine kinases occurs at endosomes to subsequently drive actin-based protru-

sions at the plasma membrane resulting in cell migration [458], we addressed whether

the endomembrane residing CCR7-Vav1 signaling complex activates Rac1. Stimulation

of human peripheral blood lymphocytes with CCL19 or CCL21 indeed resulted in a tran-

sient activation of Rac1 as determined by measuring active, GTP-bound Rac1 by G-LISA

and �ow cytometry (supplementary Fig. 2.S4A,B). In addition, active, GTP-bound Rac1

colocalized with CCR7-Vav1 BiFC in HEK293 cells stimulated with either CCL19 or

CCL21 (supplementary Fig. 2.S4C). Next, we addressed whether CCR7 interacts with

Rac1 upon chemokine stimulation using BiFC. As expected, Rac1-splitYFP2 did not com-

plement with CCR7-splitYFP1 in the absence of chemokines (Fig. 2.7A). Stimulation of

cells with either CCL19 or CCL21 resulted in profound recruitment of Rac1 to CCR7

in cells expressing Vav1 (Fig. 2.7A). Remarkably, the CCR7-Rac1 interaction was not

only con�ned to endomembranes but prominently to the plasma membrane and, more

precisely, at membrane protrusions necessary for cell migration (Fig. 2.7A). Notably, no

chemokine-driven CCR7-Rac1 BiFC was observed in cells lacking Vav1 expression, sug-

gesting that the endomembrane residing CCR7-Vav1 signaling complex is critical for Rac1

activation. In the following experiment, we monitored spatial and temporal localization of

the CCR7-Rac1 BiFC signaling complex in cells expressing lifeact-mRFP and Vav1 by life

cell confocal microscopy. Upon CCL19 stimulation, initial CCR7-Rac1 BiFC was observed

at endomembranes before the signaling complex tra�cked, together with lifeact-mRFP,
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towards the plasma membrane (Fig. 2.7B). To corroborate these �ndings, we expressed

a photoactivatable (PA)-Rac1 fused to mCherry [472] in HEK293 cells stably transfected

with the TGN marker TGN38-CFP. Photoactivation of Rac1 at the TGN area resulted

in local lamellipodia formation at the plasma membrane (Fig. 2.7C). These �ndings sup-

port our hypothesis that locally activated Rac1 is transported from endomembranes to

the plasma membrane where it modulates the reorganization of the actin cytoskeleton to

form lamellipodia.

2.3.7 Blocking vesicular tra�cking interferes with CCR7-driven dendritic cell migration

To investigate whether endomembrane CCR7 signaling contributes to cell migration, we

thought to interfere with vesicular transport by treating cells with brefeldin A, which

induces retrograde transport and inhibits the secretory pathway. Primary human T cells,

which possess only a small intracellular pool of CCR7 (Fig. 2.1A), readily migrated in re-

sponse to CCL19 and CCL21 in Transwell 2D and 3D migration assays despite brefeldin A

treatment. In contrast, human MoDCs, which possess a large pool of intracellular CCR7,

migrated signi�cantly less towards CCL19 and CCL21 in both, 2D and 3D environments,

if vesicular transport is inhibited by brefeldin A (Fig. 2.7D,E), indicating that in DCs

endosomal signaling contributes to directional cell migration.

In summary we uncovered an endomembrane residing pool of CCR7 that varies distinc-

tively among di�erent leukocytes and is fueled both by steady-state tra�cking and recep-

tor de novo synthesis. Moreover, we identi�ed an endomembrane-speci�c CCR7 signaling

complex, comprising the Rho GEF Vav1. Recruitment of Vav1 to the endomembrane re-

siding signaling complex relied on Src kinase-mediated phosphorylation of Y155 on CCR7,

but was formed independent of G protein coupling. In addition, we provided experimental

evidence that β-arrestin contributes to shuttling activated Src from the plasma membrane

to endomembranes. The endomembrane residing CCR7 signaling complex activates Rac

that tra�cs to the leading edge to promote reorganization of the actin cytoskeleton and

cell migration.
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Figure 2.7: Vav1 is essential for recruiting Rac1 to the endomembrane-speci�c CCR7 sig-
naling complex. continued on following page
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continued from preceding page (A) Chemokine-driven Rac1 recruitment to CCR7 relies on endomembrane
CCR7:Vav1 interaction. HEK293 cells were transiently transfected with CCR7 YFP1 and YFP2 Rac1 in
the presence (upper panel) or absence (lower panel) of Vav1 and subsequently stimulated with 0.5µg/ml
CCL19 or CCL21. One out of three experiments. (B) Time-series of a representative life cell imaging
experiment using HEK293 cells expressing Lifeact mRFP together with CCR7 YFP1, YFP2-Rac1 and
Vav1 HA. Cells were stimulated at t=-1min with 0.5µg/ml CCL19. CCR7-Rac1 interaction and plasma
membrane translocation of the BiFC complex together with actin polymerization was continuously mon-
itored using BiFC and confocal microscopy. (C) Photoactivation of PA-Rac1 at the TGN results in
lamellipodia formation. HEK293 cells stably expressing TGN38-CFP were transiently transfected with
PA-Rac1-mCherry. Localization of PA-Rac1-mCherry was monitored in a single cell before (upper panel)
and after photoactivation (lower panel) of Rac1 at the TGN. One experiment out of four. Scale bars:
10µm. (D/E) Migration of human MoDCs matured in the presence of PGE2, pre-treated or left un-
treated for 2h with 5µg/ml Brefeldin A. Cells were allowed to migrate in response to 0.5µg/ml of CCL19
or CCL21 in 2D (D) or 3D (E) Transwell migration assay. Mean ± SEM of three individual donors.

2.4 Discussion

In this study, we uncovered an endomembrane speci�c signaling complex of the chemokine

receptor CCR7 that allows spatio-temporally controlled formation of actin-based mem-

brane protrusions at the leading edge. We propose that sensing extracellular CCL19 and

CCL21 drives an endomembrane-speci�c signaling complex that is coupled to a �compass�

activity of endomembranes, to promote spatial signaling and sustained directional migra-

tion. We generate a model illustrated in supplementary Fig. 2.4D in which ligand binding

to CCR7 at the plasma membrane (I) initiates tra�cking of β-arrestin and activated Src

(II) to an intracellular pool of CCR7 localized at endosomes and the TGN. β-arrestin-

dependent Src tra�cking to endomembrane residing CCR7 results in tyrosine phosphory-

lation of the chemokine receptor to establish a binding site for the SH2-domain containing

signaling molecule Vav1 that possesses GEF activity for Rac1 (III). This endomembrane-

speci�c signaling complex subsequently tra�cs (IV) to con�ned areas at the plasma mem-

brane, resulting in local actin dependent membrane protrusions (V) which is essential for

guided cell migration.

Intracellular localization of many GPCRs has been reported and intracellular receptors

were postulated to provide a preformed reservoir to rapidly renew the membrane-pool of

receptors, when needed [473]. Intracellular localization in the steady-state has also been

described for the chemokine receptors CCR7 [191] and CCR5 [474]. However, the exis-

tence and role of the intracellular pool of CCR5 is controversially discussed: one group

described that CCR5 is stored in the ER and exported to the plasma membrane upon

association with CD4 in T cells [474]. A second group denies the existence of a large pool

of intracellular CCR5 in T cells [475]. In this study, we detected only a minor fraction
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Figure 2.S4: The endomembrane-speci�c CCR7-Vav1 complex is associated with Rac1 that
is activated upon CCR7 stimulation. (A) Intracellular staining of active, GTP-bound Rac1 in
human primary CD3+ T cells. T cells were stimulated with 0.5µg/ml CCL19 or CCL21 for 3min, �xed and
permeabilized. Active Rac1 was stained using an antibody recognizing GTP-bound Rac1 and quanti�ed
by �ow cytometry. Scale bars show the Mean ± SEM for 4 individual donors. (B) Quanti�cation of Rac1-
GTP in human PBLs using Rac1-GLISA in unstimulated cells or in cells stimulated with CCL19 or CCL21
(0.5µg/ml) for the indicated time points. Mean ± SEM of 5 individual donors. (C) Colocalization of the
CCR7-Vav1 BiFC complex with Rac1-GTP was analyzed by confocal microscopy in HEK293 cells. One
experiment out of three. Scale bars: 10µm. (D) Schematic illustration of endomembrane CCR7 signaling
on an image taken from CCR7-Rac1 interaction/translocation experiment (Figure 7A). Ligand triggering
of CCR7 results in CCR7 serine/threonine phosphorylation and β-arrestin mediated endocytosis (I).
CCR7 plasma membrane activation is transmitted by β-arrestin and Src (II) to TGN resident CCR7
pools that serve as a platform to initiate a multi-protein complex involving the GEF Vav1 and the
adaptor protein 14-3-3 (III). Subsequently Rac1 is recruited (IV). Initiation of CCR7 endomembrane
complex redirects CCR7 and active Rac1 to con�ned spaces at the PM, resulting in actin dependent
membrane protrusions (V).
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of intracellular CCR5 in both, human T cells and MoDCs. Moreover, we also found that

newly synthesized CCR5 rapidly tra�cs to the plasma membrane and is not stored intra-

cellularly. In contrast, CCR7 was profoundly expressed as intracellular pool in MoDCs,

whereas in lymphocytes the intracellular pool of CCR7 was minor, pointing to a cell-type

speci�c distribution of CCR7.

T cells possess only a minor pool of endomembrane residing CCR7 and do not rely on

such a TGN-residing �compass� to control cell migration. Thus, perturbing intracellular

tra�cking did not a�ect their directional migration towards CCR7 ligands. In contrast,

DCs own a large pool of endomembrane residing CCR7. In these cells interfering with

vesicular tra�cking a�ected CCR7-mediated cell migration. These results indicate, that

the cellular distribution of CCR7, as described above, follows a cell-type deterministic pro-

gram, and that DCs, in contrast to T cells, are able to exploit an intracellular �compass�

activity of endomembranes and CCR7-driven signaling from endomembranes to promote

directional cell migration.

Chemokine-driven receptor tra�cking, together with receptor desensitization, has long

been considered just to account for termination of signal transduction. Consequently, a

potential role of endomembrane residing chemokine receptors in signal propagation has so

far not been addressed. The emerging concept of endosomal signaling has been boosted

by recent studies on non-chemokine receptor GPCRs and challenges the old paradigm of

con�ned GPCR signaling from the plasma membrane [476]. Signaling from internal com-

partments might help to answer the question, how CCR7 signaling can be maintained to

guarantee sustained directed migration despite rapid chemokine-driven endocytosis of the

receptor. The model of such a biphasic GPCR activation is very appealing as it combines

initial, but transient signaling from the plasma membrane with sustained signaling from

endomembranes [477, 478]. Endosomal signaling is typically mediated in a G-protein de-

pendent manner [454], as exempli�ed for the β2-adrenergic receptor that couples to Gαs

for sustained cAMP production [456]. Interestingly, binding of the immunomodulatory

drug FTY720P to the Gαi coupled S1P1 receptor retained signaling activity for hours,

despite quantitative receptor internalization and translocation to the Golgi via retrograde

transport [455]. Persistent intracellular S1P1 signaling was Gαi-mediated and led to inhi-

bition of cAMP production and activation of ERK resulting in increased chemokinetic cell

migration [455]. In line with these observations, persistent signaling of GPCRs is consid-

ered to depend on ligand-driven receptor internalization that is mediated by β-arrestins

[479]. Moreover, it is supposed that endosomal receptor-β-arrestin-complexes control en-

dosomal G-protein signaling [480], which is supported by the indeti�cation of a so-called

�supercomplexes� comprising the GPCR, the G-protein and β-arrestin [457]. However,
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β-arrestins play a more complex role in GPCR signaling as β-arrestins were shown to be

active after dissociation from the receptor and to perform receptor-independent actions

before returning to inactive state, allowing signal ampli�cation by binding of and inter-

acting with downstream e�ectors [481, 482]. Impressively, di�erent GPCRs were found

to modulate diverse conformational changes of β-arrestin, allowing further modulation of

downstream signaling [481, 482]. Such versatile adaptation modes have been identi�ed for

β2-adrenergic receptor, the prototypic class A GPCR: Slow but sustained ERK activation

by β2-adrenergic receptor was found to solely depend on β-arrestin, whereas fast and tran-

sient ERK activation uniquely relies on G protein coupling [483]. Here, we demonstrated

that the chemokine receptor CCR7 is interacting with β-arrestins on endosomes. Further-

more, we provided evidence that endosomal β-arrestin, in concert with CCR7, acts as

sca�old to bind Src thereby initiating a �second wave� of CCR7 signaling. This �second

wave� of CCR7 is independent of Gαi coupling and extends the concept of Src-dependent

signaling of the β2 adrenergic receptor [469]. Our �nding is further supported by the

active role of Src in controlling actin-dependent movements of endosomes towards the

plasma membrane [468]. Here, we identi�ed a critical role for β-arrestin-dependent traf-

�cking of Src in phosphorylating endomembrane residing CCR7 to initiate the assembly

of an endomembrane-speci�c CCR7 signaling complex.

The endomembrane compartments, including Golgi and TGN, play an important role in

establishing and maintaining cell polarity and hence are postulated to serve as an internal

�compass�, necessary for cells to induce and sustain polarity and directional migration

[484]. Among di�erent small GTPases, GAPs and GEFs, also Rac1 resides at the TGN.

Notably, Rac1 together with its Rho GEF β-PIX control actin polymerization to give rise

to carriers that drive the export of cargo from the TGN [485]. Moreover, TGN-residing

Rac1 [486] or endosomal Rac1 [458] regulate actin nucleation in response to growth fac-

tors, thereby promoting endothelial cell migration. In this study, we propose the function

of the TGN as �compass� contributing to chemokine-guided cell migration by providing

anchorage for the formation of an endomembrane-speci�c CCR7 signaling complex and

mediating transport of signaling vesicles towards the leading edge of the cell, resulting in

local actin-driven protrusions and persistent cell migration in the direction of cell polarity.
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2.5 Materials and Methods

2.5.1 Materials

Recombinant human CCL19 and CCL21 were purchased from PeproTech. Antibod-

ies from the following source were used: anti-human CCR7 (LS-B4064) (LifeSpan Bio-

sciences) for Western blotting; anti-human CCR7 (SAB4500329) (Sigma-Aldrich) for PLA;

APC- and FITC-conjugated anti-human CCR7 (FAB197A/F) (R&D Systems), APC-

and FITC-conjugated anti-human CCR5 (FAB1802A/F) (R&D Systems), anti-human

TGN46 (2F7.1) (abcam), anti-human β-actin (AC15), anti-human EEA (14-EEA1) (BD

biosciences), anti-YFP1 (E385) (abcam), anti-YFP2 (11814460001) (Roche), anti-HA

(Sigma), anti-14-3-3 pan (Pierce), anti-human Vav1 (9C1) (Abnova) for PLA, anti-human

GM130 (610823) (BD biosciences), anti-human giantin (PRB114C) (Cavance), anti-active

Rac1-GTP (New East Bioscience) and anti-human pY416 Src (6943) (Cell signaling tech-

nology). Isotype controls for �ow cytometry, Mouse IgG2A Allophycocyanin Isotype

Control (Clone 20102) and Mouse IgG2A Fluorescein Isotype Control (Clone 20102) were

purchased from RD Systems. StrepTactin chromeo568 was purchased from IBA, Göttin-

gen and phallodin coupled to Alexa647 was from life technologies. GFP-nano Trap was

purchased from ChromoTek. Brefeldin A, Dynasore, biotin, rapamycin and cycloheximide

were from Sigma-Aldrich. Pertussis toxin, PP2 and stauropsorine were purchased from

Calbiochem.

2.5.2 Construction of expression plasmids

Cloning of pcDNA3-CCR7 EGFP, pcDNA3-CCR7 EYFP, pcDNA3-CCR7 ECFP and

pcDNA3-CCR7 HA, pcDNA3-CCR7-DNY has been described previously [450], whereas

StrepII-tagged CCR7 YFP1 and CCR7-Y155F have been described elsewhere [487]. Con-

struction of pcDNA3-Vav1 EYFP and pcDNA3-Vav1 HA was done analogously by per-

forming PCR on full length human Vav1 using the primer pairs (5` CTG CGA ATT CTT

GTA GAA GCG CGT ATG G 3` and 5` GAG CCT CGA GCA GAA TAA TCT TCC

TCC ACG TA 3`) and subsequently subcloned into pcDNA3 EYFP or pcDNA3 HA vector.

The constructs pcDNA3 CCR7 YFP1/YFP2 were generated by PCR-derived subcloning

of full length CCR7 (aa 1-334) (primers: 5`-CTG CGA ATT CAT GGA CCT GGG GAA

ACC AAT G and 5`-CTA TAT CGA TTG GGG AGA AGG TGG TGG TG) into the

BiFC vectors [465]. The construction of pcDNA3-Vav1 YFP1/YFP2, pcDNA3-Src YFP1

and pcDNA3-β-arrestin2 YFP2 were performed analogously using the following primer

pairs: Vav1 (5` CTG CAA GCT TCT TGT AGA AGC GCG TAT G 3` and 5` GCC
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GAT CGA TGC AGT ATT CAG AAT AAT CTT CC 3`); Src (5`-CTA CAA GCT TTG

GCA TGG GTA GCA ACA AGA GC and 5`-CTA TAT CGA TGT AGA GGT TCT

CCC CGG GCT G); β-arrestin2 (5` GCA CGG TAC CAT GCA GAT TTT CGT CAA

GAC 3` and 5` CGC GAT CGA TGC AGA GTT GAT CAT CAT AGT C 3`). Genera-

tion of N-terminally tagged BiFC constructs was performed by PCR of full length human

14-3-3ε, Rac1 and of SH3-SH2-SH3 domain of human Vav1 (aa 540-786) using the primer

pairs: 14-3-3ε (5` CTA TCT CGA GTG GAT GAT CGG GAG GAT CTG 3` and 5`

GAA TGG GCC CGA CCC GAA CTC TAG ATC ACT GA 3`); Rac1 (5` CTA TCT

CGA GTG CAG GCC ATC AAG TGT G 3` and 5` GAA TGG GCC CTT ACA ACA

GCA GGC ATT TTC 3`); SH3-SH2-SH3 (5` GAT ACT CGA GGA CCC TTT CTA

CGG CTC AAC 3` and 5` GAT ATC TAG AGG AAC CAG CCA ACC CGG CCA T 3`).

pCMV Lifeact RFP was purchased from Ibidi. The RUSH construct Str-KDEL_ss-SBP-

EGFP-CCR5 was a kind gift of Franck Perez. CCR5 was replaced by CCR7 to generate

Str-KDEL_ss-SBP-EGFP-CCR7 using the primer pairs: (5' GAT AGG ATC CAG CGG

CCG ATA TCA CAA G 3' and 5' GAT ATC TAG ACC GCC ACC ATC GAT TGG

G 3'). The rapamycin recruiter plasmids TGN38-FRB-CFP, PM2-FRB-CFP and mRFP-

FKBP12-Sac1 have been described previously [467] and kindly provided by Tamas Balla.

Sac1 was subsequently replaced by rapamycin recruitable Src constructs by PCR using

pUSE-RapR-Src-Myc (addgene #25933) and pUSE-RapR-SrcKD-Myc (addgene #25934)

kindly provided by Klaus Hahn and described in [488], as template and the primer pairs

(5` CTT ACG ATC GAT GGG CAG CAA CAA GAG C 3` and 5` GAA TGG ATC

CTG ACA GTT CTG CGC ACA C 3`). All primers were custom made by Microsynth,

Balgach.

2.5.3 Isolation of primary human cells, cell lines and transfection

Blood donation for research purposes was approved by the local ethics committee and

individual donors gave written consent. PBMCs from healthy donors were enriched by

density gradient centrifugation on Ficoll-Paque Plus (Amersham Biosciences). Monocytes

were separated from PBLs using anti-CD14-conjugated microbeads (Miltenyi). Mono-

cytes (2x106 cells/ml) were then di�erentiated to immature MoDCs in serum-free AIM-

V (Gibco), supplemented with 50ng/ml IL-4 and 50ng/ml GM-CSF (PeproTech) as de-

scribed [463]. At day 6 immature MoDCs were harvested and matured for 2 days in

IL-4/GM-CSF-containing medium by adding the cytokine cocktail comprising 20ng/ml

TNFα, 20ng/ml IL-6 and 10ng/ml IL-1β (PeproTech) in the presence or absence of 1µg/ml

PGE2 (Miniprostin E2, Pharmacia). PBLs, CD19+ sorted (Miltenyi) B cells and CD3+
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sorted (Miltenyi) T cells were cultured in RPMI-1640 medium supplemented with 2% hu-

man AB serum (Lonza). Activated, CCR5 expressing, T cells were obtained by culturing

CD3+ sorted cells for 9 days on anti-CD3/anti-CD28 coated dishes.

Human epithelial kidney 293 (HEK293) cells were grown and maintained in Dulbecco's

modi�ed Eagle's medium containing 10% FCS (Lonza) and 1% Pen/Strep (Lonza).

HEK293 cells were transiently transfected by TransIT-LT1 (MirusBio), according to the

manufacturer's protocol. For stable transfection of HEK293 cell with Vav1 YFP, Lifeact

RFP, TGN38 FRBP CFP, and PM2 FRBP CFP lines were cultured in presence of antibi-

otics after transfection and positive cells were single-cell sorted via FACS. HEK293 stably

expressing CCR7 YFP or CCR7 HA were described before [450].

Mouse embryonic �broblasts (MEFs), as well as β-arrestin2-/- and β-arrestin1/2-/- MEFs

[470], were grown and maintained in Dulbecco's modi�ed Eagle's medium containing 10%

FCS (Lonza) and 1% Pen/Strep (Lonza). MEFs were transiently transfected by Lipofec-

tamin 3000 (Life technologies), according to the manufacturer's protocol.

2.5.4 Bimolecular Fluorescence Complementation (BiFC) assay

Visualization of CCR7 interaction with signaling molecules by BiFC was performed es-

sentially as described [192, 465]. In brief, HEK293 were co-transfected in a 1:1 ratio

with splitYFP1 and splitYFP2 -tagged constructs. Transfected cells were left untreated

or were pre-treated with 100ng/ml PTX or 10µM PP2 for 2h. Subsequently, cells were

left unstimulated or stimulated with 0.5µg/ml CCL19 or CCL21, washed and �xed in 4%

formaldehyde. For life cell analysis, untreated slides were transferred into pre-warmed

Ludin chambers with HEPES-bu�ered medium (DMEM, 10% FCS, 25mM HEPES) stim-

ulated with either 0.5µg/ml CCL19 or left untreated and continuously imaged on a Leica

TCS SP5 II laser scanning microscope using a 63x/1.4 NA oil-immersion objective (Le-

ica). For �ow cytometry analysis, cells were subsequently detached and analyzed on a

LSRII �ow cytometer (BD Biosciences). For immuno�uorescence microscopy, cells were

permeabilized using 0.2% Triton X-100 in PBG bu�er (20mM glycine and 3% BSA in

PBS pH7.4) and incubated with the appropriate antibody in PBS, 3% BSA, followed by

incubation with Alexa Fluor labelled secondary antibodies (Life Technologies). Coverslips

were mounted using polyvinyl alcohol mounting medium with DABCO (Sigma-Aldrich).

Confocal mages were acquired on a Leica TCS SP5 II laser scanning microscope using a

63x/1.4 NA oil-immersion objective (Leica). 3D reconstitution was performed by Imaris

using confocal images of 0.13µm thickness.
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2.5.5 Förster Resonance Energy Transfer (FRET) measurements

Intermolecular FRET e�ciency was measured on a Leica TCS SP5 II confocal micro-

scope by donor-recovery after acceptor photo-bleaching (AB) using the corresponding

FRET-wizard of the Leica LSM software as described [192]. Brie�y, HEK293 cells stably

expressing Vav1 EYFP were transiently transfected with CCR7 ECFP. For FRET-AB

cells were stimulated with 0.5µg/ml CCL19 or CCL21 or left unstimulated, �xed with 4%

formaldehyde, blocked in 3% BSA, washed and mounted in polyvinyl alcohol mounting

medium with DABCO (Sigma-Aldrich). A pre-bleaching image was taken, acceptor of

the whole cell was bleached at 100% laser intensity and FRET e�ciency was calculated

for each pixel with FRETe� = (Dpost bleach - Dpre bleach)/Dpost bleach using the macro of

the FRET-AB wizard. Images were converted to TIFF �les and analyzed using ImageJ.

Contrast and brightness of images were simultaneously adjusted with Adobe Photoshop

CS6.

2.5.6 Proximity ligation assay

Interaction of CCR7 with Vav1 and CCR7 with 14-3-3 proteins was examined using

reagents from the Duolink® proximity ligation assay (Sigma-Aldrich) following the man-

ufacturer's instructions. Brie�y, human mature MoDCs were pre-treated with 10µM

staurosporine for 2h where indicated, stimulated with 0.5µg/ml CCL19 or CCL21 or

left unstimulated and subsequently �xed in 4% formaldehyde on microscopy glass slides,

blocked in PBS, 3% BSA, permeabilized, washed and incubated in primary antibody di-

luted 1:50 in PBS, 3% BSA for 2h. Slides were washed and secondary antibodies harbor-

ing short nucleotide sequences diluted 1:5 in antibody diluent were added for 1h at 37�.

Oligonucleotides were ligated at 37�and rolling circle PCR with �uorescent nucleotides

was performed for 2h. Slides were washed, nuclei stained with Hoechst and mounted.

PLA was visualized using an inverted Zeiss Axiovert 200 microscope or a Leica TCS SP5

II laser scanning confocal microscope using a 63x/1.4 NA oil-immersion objective. 3D

reconstitution was performed by Imaris using confocal images of 0.13µm thickness.

2.5.7 Immunostainings

Brie�y, HEK293 cells or MoDCs in di�erent maturation stages were seeded on coverslips.

Where indicated, cells were pretreated with 80µM dynasore for 20h and/or 50µg/ml cy-

cloheximide for 6h. Subsequently cells were either stimulated with 0.5µg/ml CCL19 or

CCL21 or left unstimulated, �xed using 4% formaldehyde, permeabilized using 0.2% Tri-
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ton X-100 in PBG bu�er (20mM glycine and 3% BSA in PBS pH7.4) and incubated with

the appropriate antibody in PBS, 3% BSA, followed by incubation with Alexa Fluor la-

belled secondary antibodies or phalloidin-Alexa647 (Life Technologies). Coverslips were

mounted using polyvinyl alcohol mounting medium with DABCO (Sigma-Aldrich). Con-

focal mages were acquired on a Leica TCS SP5 II laser scanning microscope using a

63x/1.4 NA oil-immersion objective (Leica). 3D reconstitution was performed by Imaris

using confocal images of 0.13µm thickness. Fluorescence intensity and their ratiometric

analysis was performed using ImageJ.

2.5.8 RUSH

HEK293 cells were transfected with the RUSH constructs Str-KDEL_ss-SBP-EGFP-

CCR5 or Str-KDEL_ss-SBP-EGFP-CCR7. 24h after transfection the cells were treated

with 45µM biotin for indicated time or left untreated. Subsequently, cells were �xed us-

ing 4% PFA at the indicated time points. Immunostaining and confocal microscopy was

performed as described above.

2.5.9 Rapamycin recruitment assay

HEK293 cells stable transfected with TGN38 FRBP CFP or PM2 FRBP RFP were

transfected with Src FKBP12 RFP /SrcKD FKBP12 RFP and Vav1-YFP1 and CCR7-

YFP2 in a 1:2:2 ratio. 24h after transfection cells were treated with 100nM rapamycin or

left untreated for the indicated time and �xed using 4% PFA. For �ow cytometry analysis,

cells were detached and, were indicated, cells were permeabilized in PBS, 0.1% saponin

and 0.5% BSA. F-actin was stained using phalloidin-Alexa647 (Life Technologies). Cells

were analyzed on a LSRII �ow cytometer (BD Biosciences). For immuno�uorescence

microscopy, cells were permeabilized using 0.2% Triton X-100 in PBG bu�er (20mM

glycine and 3% BSA in PBS pH7.4) and incubated with phalloidin-Alexa647 in PBS, 3%

BSA. Coverslips were mounted using polyvinyl alcohol mounting medium with DABCO

(Sigma-Aldrich). Confocal images were acquired on a Leica TCS SP5 II laser scanning

confocal microscope.

2.5.10 Life cell imaging - Photoactivatable Rac1 mCherry

HEK293 cells stable transfected with TGN38-CFP were seeded on coverslips and tran-

siently transfected with pTriEx-mCherry-PA-Rac1 (addgene #22027), kindly provided

by Klaus Hahn and described in [472]. For life cell analysis, coverslips were transferred
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into pre-warmed Ludin chamber with HEPES-bu�ered medium (DMEM, 10% FCS, 25mM

HEPES) 24h after transfection. For the �rst 5min, the cell was monitored in the mCherry

channel and images were taken every 3sec on a Leica TCS SP5 II laser scanning microscope

using a 63x/1.4 NA oil-immersion objective (Leica). Then, an ROI was drawn around the

TGN-region. PA-Rac1-mCherry was selectively activated at 458nm for 5min within the

RIO area de�ning the TGN-region, while simultaneously imaging Rac1 localization in the

mCherry channel. Imaging was continued for another 5min. Subsequently, the ROI on

the same cell was displaced to the plasma membrane and to an area aside the cell prior

photoactivation as control.

2.5.11 Flow cytometry analysis - chemokine receptor inside out staining

Surface expression of CCR7 or CCR5 on CD3, CD19, and MoDCs was assessed by incuba-

tion of 106 cells with 15µl of �uorophore-conjugated monoclonal CCR7 or CCR5 antibody

for 60min at RT. Cells were extensively washed and �xed for 10min with 4% formalde-

hyde, blocked with 3% BSA in PBS. Subsequently cells were permeabilized using 0.5%

saponin in PBS, 3% BSA for 10min at RT. Cells were subsequently incubated with 15µl of

the same monoclonal CCR7 or CCR5 antibody as above but with a di�erent conjugated

�uorophore in PBS, 0.5% saponin, 3% BSA for 60min. After extensive washing with PBS,

0.5% saponin, 3% BSA, cells were resuspended in PBS and analyzed on a LSR II �ow

cytometer (BD Biosciences). For each analysis, 10'000 cells were measured and analysis

was performed using FlowJo X.

2.5.12 Migration assays

Cell migration on a 2D substrate was assessed by the 24-well Transwell Systems and

polycarbonate �lters with a pore size of 5µm (Corning Costar). Brie�y, 1x105 cells were

allowed to migrate for 3h to the lower compartment, containing 0.5µg/ml of either CCL19

or CCL21. Where indicated, cells were pre-treated for 2h with 5µg/ml brefeldin A or

vehicle (EtOH). For 3D migration, 4.5x105 cells in 150µl medium were supplemented

with 20µl Matrigel (BD pharmingen) and seeded on top of 5µm (Corning Costar) 24-well

TranswellTM System. Matrix was polymerized for 15min at 37�and cells were allowed

to migrate for 3h through the Matrix into the lower compartment. Migrated cells were

harvested and cell numbers were determined by �ow cytometry on a LSR II �ow cytometer

(BD Biosciences).
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2.5.13 Quantitative real-time PCR

Total RNA of MoDCs was isolated using the RNeasy Mini kit (Qiagen) and transcribed

into cDNA using random hexamer primers and the Hi Capacity cDNA Reverse Transcrip-

tion kit (Applied Biosystems). Ampli�cation of transcripts was performed using the Fast

SYBR Green PCR Master Mix and CCR7 primers form Qiagen on a 7900HT Fast Real-

Time PCR System (Applied Biosystems) according manufacturer's instructions. Expres-

sion of CCR7 mRNA was normalized to the house-keeping genes ubc and β2-microglubulin

using the 2�(-∆(Ct)) method.

2.5.14 Preparation of cell lysates

1x106 MoDCs were lysed lysis bu�er (10mM Tris-HCl, 150mM NaCl, 2mM MgCl2,

10% glycerol, 0.4% N-dodecyl maltoside, supplemented with proteinase inhibitor mix

(Roche), pH7.5) and total protein concentration was determined using 660nm Protein

Assay (Pierce). Total protein amount was adjusted and cell lysates were transferred to

SDS-PAGE gels and Western blot analysis was performed using indicated antibodies.

2.5.15 Rac1-GLISA

Chemokine-mediated Rac1 activation, monitored by measuring GTP-loaded Rac1, was

assessed using the Rac1-GLISA Activation Assay Kit (Colorimetric Based) 96 assays

(Cytoskeleton) according to the manufacturer's protocol. Brie�y, for each condition, 2x107

PBLs were left untreated or stimulated with 0.5µg/ml CCL19 or CCL21 for the indicated

time. Absorption derived from speci�c Rac1 activity was measured on a Tecan Sunrise

plate reader.

2.5.16 Rac1-GTP measurement by �ow cytometry

CD3-postive cells were left untreated or stimulated with 0.5µg/ml of CCL19 or CCL21

for 3min. Subsequently, cells were �xed in 4% PFA and permeabilized in 0.1% saponin.

Rac1-GTP staining was performed in PBS, 0.1% saponin, 0.5% BSA. After 1h of incuba-

tion at RT, cells were washed and incubated with an AlexaFluor488 coupled secondary

antibody for 30min. Cells were then resuspended in PBS and analyzed on a LSR II �ow

cytometer (BD Biosciences). For each analysis, 10'000 cells were measured and analysis

was performed using FlowJo 7.
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2.5.17 Statistical evaluation

Signi�cant di�erences between groups were assessed using ANOVA with either Tukey or

Bonferroni post-test using GraphPad Prism 6. *p<0.05, ** p<0.01, ***p<0.001.
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3.1 Abstract

The homeostatic chemokines CCL19 and CCL21 and their common cognate chemokine recep-

tor CCR7 orchestrate immune cell tra�cking by eliciting distinct signaling pathways. Here, we

demonstrate that human CCR7 is N-glycosylated on 2 speci�c residues in the N terminus and

the third extracellular loop. Conceptually, CCR7 glycosylation adds steric hindrance to the

receptor N terminus and extracellular loop 3, acting as a "swinging door" to regulate receptor

sensitivity and cell migration. We found that freshly isolated human B cells, as well as expanded

T cells, but not naive T cells, express highly sialylated CCR7. Moreover, we identi�ed that

human dendritic cells imprint T cell migration toward CCR7 ligands by secreting enzymes that

deglycosylate CCR7, thereby boosting CCR7 signaling on T cells, permitting enhanced T cell

locomotion, while simultaneously decreasing receptor endocytosis. In addition, dendritic cells

proteolytically convert immobilized CCL21 to a soluble form that is more potent in triggering

chemotactic movement and does not desensitize the receptor. Furthermore, we demonstrate that

soluble CCL21 functionally resembles neither the CCL19 nor the CCL21 phenotype but acts

as a chemokine with unique features. Thus, we advance the concept of dendritic cell-dependent

generation of micromilieus and lymph node conditioning by demonstrating a novel layer of CCR7

regulation through CCR7 sialylation. In summary, we demonstrate that leukocyte subsets ex-

press distinct patterns of CCR7 sialylation that contribute to receptor signaling and �ne-tuning

chemotactic responses.
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3.2 Introduction

An e�ective host defense to any kind of pathogen depends on highly coordinated processes in-

volving both innate and adaptive immune responses. Initiation of the adaptive immune response

requires orchestrated migration of antigen-loaded DCs and T cells to secondary lymphoid organs

that relies on the chemokine receptor CCR7 [108, 124]. CCR7 belongs to the class A of GPCRs

and is expressed on various leukocyte subsets, including thymocytes, naive and central memory

T cells, regulatory T cells, NK cells, B cells, and semimature and mature DCs [108]. CCR7 has

2 known ligands: the homeostatic chemokines CCL19 and CCL21; CCL21 is produced by lym-

phatic endothelial cells [489] and immobilized on a�erent lymphatic vessels, providing a guidance

cue for DCs to enter into the vessel lumen. In lymph nodes, CCL21 is expressed and produced

by FRCs in the T cell zone [126] and is additionally presented on HEVs [113]. FRCs also secret

CCL19, although to a lower amount [490].

Although CCL19 and CCL21 bind to CCR7 with similar a�nities [138, 193], suggesting high re-

dundancy, the 2 chemokines additionally possess de�ned ligand-speci�c activities. For instance,

only CCL19 leads to a profound phosphorylation on intracellular serine/threonine residues of

CCR7 [193] via the recruitment of G protein-coupled kinases 3 and 6 [194]. This results in a

robust β-arrestin recruitment and ultimately leads to receptor desensitization and endocytosis

[450, 459]. On the other hand, only CCL21 binds to mono- and oligosaccharides of the heparan

sulfate type through its unique 32 aa-long C-terminal extension, of which 12 aa are basic [135,

171]. In vivo, the injection of a C-terminally truncated version of CCL21 prevented its immobi-

lization on HEVs and abolished lymphocyte extravasation [113]. Interestingly, we have reported

that DCs are able to cleave immobilized CCL21 C-terminally to generate soluble CCL21, forming

a new chemokine gradient [151]. Of note, this C-terminally truncated CCL21 triggered directed

migration but not adhesion [151], pointing to a unique role and specialized abilities of soluble

CCL21.

For chemokines in general, it has been reported that the N-terminal domain, preceding the �rst

2 of 4 conserved cysteines, is key for receptor activation. Surprisingly, CCL19 and CCL21 share

very little sequence identity in this region [491]. Despite low sequence homology of chemokines

at large, NMR and crystallography studies revealed a conserved, overall 3D structure [26, 492].

Consequently, the mechanism of receptor activation by chemokines appears to be conserved and

has led to the so-called 2-step, 2-site model [24, 25, 34]. According to this model, the N-terminal

tail of a chemokine receptor �rst binds to the chemokine (site1), followed by the transition of

the chemokine to the second binding site (site2) composed of the ECLs and TM residues of the

receptor. Finally, rearrangements in both chemokine and receptor stabilize the active conforma-

tion of the chemokine receptor, resulting in downstream signaling [24, 25, 34]. Recent structural

insights of chemokine binding to CXCR4, however, point to a more versatile receptor plasticity

and hence, �exibility in ligand binding than anticipated previously [34].
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Post-translational modi�cations of chemokine receptors add to the complexity of ligand bind-

ing. For instance, sulfation of tyrosine residues of several chemokine receptors, including CCR2,

CCR5, CXCR4, and CX3CR1, were shown to confer an additional negative charge to the recep-

tor's N terminus and hence, contribute to binding to the basic domain of chemokines [181, 182,

190, 493]. Moreover, negative charge can also be introduced by glycosylation of the N terminus

or the ECLs of the chemokine receptor [178�180]. Thereby glycans, including mono-, oligo-, and

polysaccharides, are conjugated to asparagine (N-linked) or serine/threonine (O-linked) residues.

Importantly, N-glycosylation of CXCR4 both at the N terminus (N11) and at the ECL2 (N176)

is necessary for higha�nity binding of the ligand [180]. Although CCR5 is not a substrate for

N-linked glycosylation, modi�cation of CCR5 with O-linked oligosaccharides on S6 is essential

for CCL3/4 binding [179].

The composition of glycans on glycoproteins is diverse, and various monosaccharides are added

to the growing oligosaccharide chain. The cell glycocalyx is shaped by 2 types of enzymes: gly-

cosyltransferases that transfer and/or synthesize glycosylated structures and glycosidases that

mediate the removal of glycans from glycosylated proteins [494]. In particular, sialic acid, a

9 carbon monosaccharide derived from neuraminic acid, is conjugated to the terminal position

of complex N- and O-glycans. This means that sialic acids on glycoproteins are situated on

the frontline during leukocyte communication and function and hence, are key for regulating

an immune response [494]. The capping of glycans with terminal sialic acid is mediated by

20 acceptor-speci�c sialyltransferases. Interestingly, DC di�erentiation and maturation are ac-

companied by signi�cant changes in expression of both sialyltransferases and their counterpart

sialidases [495�499]. For instance, expression of ST3Gal-I and ST6Gal-I, responsible for α2,3 and

α2,6 sialylation, respectively, is up-regulated signi�cantly during human MoDC di�erentiation

[495]. In contrast, MoDC maturation induces the sialidases Neu1 and Neu3 [496], resulting in

an increase in α2,3 sialylation, whereas α2,6 sialylation is decreased [495, 497]. Hence, changes

in sialylation play an important role in shaping DC functions required for inducing an e�cient

immune response. In fact, sialylation regulates antigen uptake and endocytosis [500, 501], as well

as migration [502�504] [36-38], of DCs and their interaction with T cells [500, 501, 505, 506]. Of

note, ST8Sia-4-dependent polysialylation of neurophilin-2 facilitates binding of CCL21, result-

ing in enhanced DC migration to lymph nodes [503]. Moreover, CCL21 was also found to bind

directly to polysialyl moieties that are up-regulated upon DC maturation to regulate DC migra-

tion [507]. In contrast, ST3Gal-IV-dependent sialylation was necessary for CXCR2-driven but

not for CCR7-mediated migration [502], pointing to a versatile role of sialylation in chemokine

receptor-mediated cell migration.

Here, we address whether CCR7 is glycosylated and whether the addition of negative charges

through receptor glycosylation regulates and shapes chemokine-driven signaling events, receptor

endocytosis, and cell migration. By exploiting a combination of metabolic labeling and site-

directed mutagenesis, we demonstrate that human CCR7 is indeed sialylated at the N terminus
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and the ECL3. Moreover, we demonstrate that CCR7 sialylation varies signi�cantly among

CCR7-expressing human leukocyte subsets and that CCR7 sialylation is modulated by glycosi-

dases secreted by mature MoDCs. Finally, we show that deglycosylated CCR7 is less susceptible

to receptor endocytosis but more sensitive to chemokine-mediated cell migration.

3.3 Results

3.3.1 CCR7 is N glycosylated on N36 and N292

The chemokine receptor CCR7 and its 2 ligands, CCL19 and CCL21, are essential for DC

and T cell homing. Beside common activities, biased signaling induced by only 1 of the 2

ligands has been noted. Structurally, the most obvious di�erence between the 2 chemokines is

the unique extended and positively charged C terminus of CCL21, permitting interaction with

GAGs. Hence, it is tempting to speculate that di�erences in signaling by the 2 ligands might

be a result of glycosylation of CCR7 and di�erential binding of the 2 ligands. Evidence for

CCR7 sialylation is provided by its a�nity to lectin [172]. To verify CCR7 glycosylation, we

�rst determined changes in the molecular weight of CCR7 upon PNGaseF treatment in cells

expressing HA-tagged human CCR7 using SDS-PAGE. PNGaseF treatment clearly deglycosy-

lated CCR7, as revealed by shifts to lower molecular weight (Fig. 3.1A). Bioinformatics analysis

of the CCR7 aa sequence by using NetNGlyc (www.cbs.dtu.dk/services/NetNGlyc) and NetO-

Glyc (www.cbs.dtu.dk/services/NetOGlyc) [508, 509] predicted 2 potential N-glycosylation sites,

namely N36 in the N terminus and N292 within ECL3 of human CCR7. Additionally, 2 putative

extracellular O-glycosylation sites (T37 and T38) preceding the potential N-glycosylation site

(N36) and 1 potential intracellular O-glycosylation site within the protein kinase C/A consensus

sequence (S365) were predicted for CCR7. To investigate CCR7 glycosylation experimentally,

we mutated N36 and N292 to alanine and assessed the molecular weight of these CCR7 mutants

in transfected cell lines. The CCR7 N36A mutant possessed a reduced molecular weight similarly

to that of surface deglycosylated WT CCR7 (Fig. 3.1A). The mutation of N292 to alanine led to

a further reduction of the molecular weight. An additive e�ect was observed by mutating both

potential glycosylation sites, and surface degylcosylation by PNGaseF did not further decrease

the molecular weight of the CCR7 mutants (Fig. 3.1A). Thus, we demonstrated that human

CCR7 is N glycosylated on N36 and N292. To advance further our understanding of CCR7

glycosylation and its regulation, we next exploited a metabolic labeling strategy using inverse

electron-demand Diels-Alder reaction between methylcyclopropene tags and tetrazines [510, 511].

The feeding of cells with di�erent tagged sugar moieties enabled us to detect sialylated CCR7

(Ac4ManNCyoc) and presumed mucin-type O-glycosylation (Ac4GalNCyoc) or O-GlcNAcylated

CCR7 (Ac4GlcNCyoc; Fig. 3.1B). The metabolic labeling strategy involved 3 key steps (Fig.

3.1B): �rst, cells stably expressing CCR7 were fed with synthetic sugar derivatives, which after
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Figure 2.S1: Human CCR is syalylated on N36 and N292. (A) CCR7 is glycosylated on N36
and N292. HEK293 cells stably transfected with Strep-HACCR7 or indicated glycosylation mutants were
treated with 5 µg/ml PNGaseF for 1 h or left untreated and lysed, and CCR7 was immunoprecipitated
(IP) using an anti-HA antibody. The molecular weight of CCR7 was determined by Western blotting
[immunoblotting (IB)]. Depicted is 1 experiment out of 4 with similar outcomes. Glycosylated CCR7 is
speci�ed by the bracket, whereas deglycosylated CCR7 is indicated by the arrow. (B) Metabolic labeling
strategy. Cells were fed with synthetic sugar derivatives. Sugar moieties are taken up, deacetylated
by esterases, metabolized, and incorporated into CCR7 glycoforms. The glycan structure is labeled
using a ligation reaction with tetrazin (Tz)-biotin. (C) N-Glycans of CCR7 are capped with sialic acid.
HEK293 cells stably transfected with Strep-HA-CCR7 were fed with Ac4GalNCyoc, Ac4GlcNCyoc, or
Ac4ManNCyoc for 48 h, treated with 5 µg/ml PNGaseF for 1 h, or left untreated, and biotin ligation
was performed. Cells were lysed, and CCR7 was immunoprecipitated using an anti-HA antibody. Biotin
ligation on CCR7 glycan structure was determined by Western blotting. One experiment out of 3 with
similar outcomes is depicted. (D) Sialic acid caps N36 and N292 glycan structures of CCR7. HEK293 cells
stably expressing Strep-HA-CCR7 or the indicated glycosylation mutants were fed with Ac4ManNCyoc
for 48 h, treated with 5 µg/ml PNGaseF for 1 h, or left untreated, and biotin ligation was performed.
Cells were lysed, and CCR7 was immunoprecipitated using an anti-HA antibody. One experiment out
of 3 with similar outcomes is depicted. (E) CCR7 is sialylated in primary human PBLs, which were
fed with Ac4GalNCyoc, Ac4GlcNCyoc, or Ac4ManNCyoc for 48 h, and incorporated sugars were labeled
with biotin. Cells were lysed, and CCR7 was immunoprecipitated using an anti-CCR7 antibody. Biotin
coimmunoprecipitation was determined by Western blotting. One experiment out of 3 with similar
outcomes is depicted. (F) CCR7 sialylation can be visualized by combining metabolic labeling and PLA.
HEK293 cells stably transfected with CCR7 GFP were fed with Ac4ManNCyoc for 48 h, treated with 5
µg/ml PNGaseF for 1 h, or left untreated; biotin was ligated; and PLA was performed. Afterward, biotin,
unused in the PLA reaction, was stained using streptavidin-Cy5. One experiment out of 5 with similar
outcomes is depicted. Original scale bars, 10 mm. CTR, untreated control cells. (G) CCR7 sialylation
in di�erent lymphocyte subsets. PBLs were isolated from healthy donors, and subsequent CD45RO+,
CD45RO-, and CD19+ cells were sorted. In addition, PBLs were activated on plate-bound CD3/CD28
for 7 d to obtain e�ector T cells. All cell subsets were pulsed for 48 h with Ac4ManNCyoc, labeled, and
PLA was performed. Excessive, ligated biotin was stained using streptavidin-Cy5. One experiment out
of at least 3 experiments with independent healthy donors is depicted. Original scale bars, 10 µm.
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being taken up and deacetylated by esterases, are metabolized and incorporated into glycopro-

teins; second, incorporated sugars were covalently labeled with tetrazine-biotin; �nally, CCR7

was immunoprecipitated to detect incorporated sugars, owing to biotin labeling. Despite that

Ac4ManNCyoc feeding resulted in reduced total cell numbers, profound labeling of CCR7 with

Ac4ManNCyoc but not with Ac4GalNCyoc and Ac4GlcNCyoc was observed (Fig. 3.1C). The

labeling with Ac4ManNCyoc can be prevented by surface deglycosylation with PNGaseF (Fig.

3.1C), demonstrating that CCR7 is sialylated in cell transfectants. Moreover, CCR7 labeling

with MAc4anNCyoc was impaired in CCR7 mutants lacking N-glycosylation sites and could not

be reduced further by surface deglycosylation (Fig. 3.1D), further substantiating sialylation of

CCR7. Next, we addressed whether CCR7 is also sialylated in primary cells. Therefore, we

metabolically labeled primary human PBLs with the engineered sugars. Immunoprecipitation of

endogenous CCR7 clearly revealed that CCR7 in human PBLs is sialylated (Fig. 3.1E). A faint

band corresponding to the incorporation of the galactosamine and glucosamine derivate into the

CCR7 glycan forms was observed (Fig. 3.1E). Taken together, we identi�ed sialylation of N36 in

the N terminus and of N292 in ECL3 of human CCR7, both in cell lines and in primary cells.

3.3.2 Profound di�erences in CCR7 sialylation on distinct human leukocyte subsets

As we detected less incorporation of sialic acid into CCR7 in PBLs compared with HEK293 cells,

we wondered whether CCR7 glycosylation varies between cells or whether the CCR7 glycan struc-

ture is cell-type speci�c. To test this, we aimed to combine the metabolic labeling strategy with

the PLA technology-later of which can be used to visualize protein modi�cation in situ-to obtain

higher resolution of CCR7 glycosylation. To establish the combination of these 2 techniques, we

fed HEK293 cells expressing CCR7-GFP with Ac4ManNCyoc and labeled incorporated sugar

with biotin. Fixed cells were subsequently stained with primary antibodies against CCR7, and

biotin, before a rolling circle PCR using �uorescent oligonucleotides, was performed in situ. Fur-

thermore, excessive biotin was stained with streptavidin-Cy5. A profound PLA signal for CCR7

sialylation, as manifested by red �uorescent dots, was found in cells fed with Ac4ManNCyoc

(Fig. 3.1F). Importantly, surface deglycosylation by PNGaseF treatment removed not only the

streptavidin-Cy5 signal from the glycan/sialyl structure of CCR7 but also the PLA signal (Fig.

3.1F). As expected, no PLA signal was found in cells fed with Ac4GalNCyoc or Ac4GlcNCyoc

(not shown). Hence, we successfully established a method to monitor CCR7 sialylation in situ

with a high resolution on a single-cell level. To assess not only which cell types harbor sialylated

CCR7 but also, to determine to what extend CCR7 is sialylated, we pulsed primary PBLs with

a metabolic labeled mannose derivate and monitored CCR7 sialylation by PLA (Fig. 3.1G).

To our surprise, we detected sialylated CCR7 only on a subpopulation of human PBLs (Fig.

3.1G). To delineate further which PBL subpopulation expresses sialylated CCR7, we separated

freshly isolated CD45RO+ memory/e�ector from CD45RO- naive T cells. Whereas naive T cells

showed only marginal CCR7 sialylation, a fraction of CD45RO+ cells stained strongly positive
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Figure 2.S4: Chemokine and chemokine receptor structures and models. (A) Alignment of
vMIP-II (white) (PDB 4RWS) and CCL21 (blue) (PDB 2L4N) depicted as ribbon with transparent surface
representation. (B) Interaction of chemokine bound to receptor with glycosylated residues. Structure of
CXCR4:vMIP-II (PDB 4RWS) is shown as surface representation. Contacts of receptor N-terminus is
highlighted in green and chemokine N-terminus interaction depicted in magenta. The receptor is shown
as ribbon with modeled glycosylation site shown in sticks. CXCR4 glycosylation site is colored orange,
while modeled CCR7 N292 (K271 in CXCR4) glycosylation site is shown in red. The chemokine is shown
as surface representation with basic residues highlighted in blue. (C) Close up of the extracellular side of
CCR7 structural models in its unoccupied (blue), inverse agonist bound (red) and fully activated state
(green). Black arrows show transmembrane helical movements occurring on activation. In summary,
agonist (inverse) binding results in inward shifts of TM1, TM5 and TM7, an upward movement of TM3
(towards extracellular side of the receptor) and a small rotation of TM6. Glycosylated residues are labeled
in sticks and their movement is marked in dashed lines. Upon agonist binding, both N-glycan structures
are moved inward towards the binding pocket.
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for sialylated CCR7 (Fig. 3.1G). As CD45RO is mainly expressed on the memory and e�ector

subtype of T cells, we monitored CCR7 sialylation in PBLs expanded on anti-CD3/CD28-coated

plates, representing e�ector T cells. Noteworthy, sialylated CCR7 was found on almost every

CD3/CD28-activated T cell (Fig. 3.1G). Moreover, CCR7 sialylation was abundantly detected

on sorted CD19+ B cells, although to a lesser extent than on activated T cells (Fig. 3.1G). Thus,

by establishing a new technique to monitor CCR7 sialylation, we found a distinct subpopulation

of lymphocytes, namely B cells and e�ector T cells, that express high amounts of sialylated

CCR7 on their cell surface.

3.3.3 Dissecting modeled CCR7 glycoforms to address their functional consequences

To develop models to assess how the CCR7 glycoforms might in�uence CCL21-mediated receptor

activation, we aimed to establish structural models of ligand-occupied and unoccupied receptors

to predict a role for the individual CCR7 sialylation sites. To model the CCL21/CCL19-CCR7

interaction, we exploited the solved structure of CXCL8 in complex with a peptide derived

from the N terminus of CXCR1 [512] in combination with the NMR structures of CCL21 and

CCL19 [18, 492]. Accordingly, N36 of the N-terminal tail of CCR7 is positioned close to a

basic residue patch of CCL21 and CCL19 (Fig. 3.2A; highlighted in green), suggesting that an

additional negative charge on N36, provided by its glycosylation, might strengthen the CCR7-

CCL21/CCL19 interaction. Alternatively, bulky branched sugar moieties might provide steric

hindrance hampering chemokine binding to sialylated CCR7. Of note, the basic residue patch of

CCL21 and CCL19 di�ers in size and shape. Whereas the basic region of CCL21 constitutes 3

basic residues (R44, K45, R46), the corresponding region of CCL19 includes only 2 basic amino

acids (R44 and R47). To advance further the predictive power of our model, we took advantage

of the recently published structure of CXCR4 in complex with the viral chemokine vMIP-II [34],

which is a viral CC-chemokine that highly resembles the structure of CCL21 (Supplemental Fig.

3.S1A). Unfortunately, parts of the CXCR4 N terminus are missing from the electron density

of the solved structures [34]. Therefore, conformational predictions of the �rst glycosylation

site are limited. In line with Fig. 3.2A, the model predicts a profound interaction between

the N terminus of the receptor and the b3 strand of the chemokine (Supplemental Fig. 3.S1B;

green). After initial contacts of the receptor's N terminus with the chemokine core domain, the

chemokine N terminus binds deep in the binding pocket of the receptor (Supplemental Fig. 3.S1B;

magenta) that consists of a major and a minor binding groove [67] (Fig. 3.2D), resulting in a high-

a�nity receptor conformation and ultimately, receptor signaling. To predict the involvement of

CCR7 N292 in ligand interaction and to form the high-a�nity conformation of the receptor,

we modeled 2 sugar moieties on N292 (analog to K271 on CXCR4; Fig. 3.2B). Similar to

glycosylation on N36, 2 scenarios can be predicted: �rst, a negative charge derived from the

sialic acid moieties on N292 could support ligand binding and/or guide the chemokine into

the ligand pocket, or second, steric hindrance as a result of glycosylation could prevent ligand
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Figure 3.2: CCR7 N-glycan structures are folded over ligand entry side and binding groove.
(A) Chemokine interaction with receptor N terminus. CCL21/CCL19:CCR7 interaction was modeled
based on the structures of CXCR1:CXCL8 (PDB 1ILP) and CCL21/CCL19 (PDB 2L4N/2MP1). To
ensure the right positioning of chemokine and receptor N terminus, the modeled interaction was super-
imposed on the CXCR4:vMIP-II structure (PDB 4RWS). CCL21 and CCL19 are shown as surface repre-
sentation, with basic residues highlighted in green and acidic residues colored in red. Important residues
in the receptor N terminus, represented as sticks, are highlighted in dark red (N36 and Y32). CT, C
terminus. (B) Interaction of CCL19 and CCL21 with glycosylated residues. Structure of CXCR4:vMIP-II
(PDB 4RWS) is shown as cartoon representation. CCL21 (PDB 2L4N) and CCL19 (PDB 2MP1) are
shown as surface representation, whereas basic residues are depicted as sticks and colored in green. NT,
T terminus; NAC, N-acetyl galactose. (C) Comparison of CXCR4 structures occupied with di�erent
antagonists. Model of glycosylated N176 (orange) and N292 (red; CXCR4 K271) residues and receptor
N terminus (green) of di�erent CXCR4 structures. CXCR4:vMIP-II is depicted in light gray, CXCR4:
CVX15 in dark gray, and CXCR4:IT1t in white. The receptor is shown as ribbon. (D) CCR7 helical
wheel model con�ning the ligand entry site and the main ligand binding pocket, with the minor bind-
ing pocket located among the extracellular segments of TM-1, -2, -3, and -7. Highlighted are CCR7 N
terminus and ECL3 with its N-glycan structures.
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entry into the binding pocket. We next aligned CXCR4 structures bound to di�erent antagonists,

namely IT1t (a small molecule), CVX15 (a 16 residue cyclic peptide) [63], and the viral chemokine

antagonist vMIP-II [34]. Whereas IT1t and vMIP-II occupy the major and minor binding groove

of CXCR4, CVX15 binds to the ligand entry site and the major binding groove [34, 63]. A

comparison of the structures revealed an outward movement of the N terminus and the N292

residue, depending on the antagonist binding site (Fig. 3.2C). To corroborate this notion, we

modeled the CCR7 glycosylation sites according to the solved structures of the b2-adrenergic

receptor in its unoccupied (PDB 4LDE/blue), its inverse agonist-bound (PDB 2RH1/red), and its

fully activated (PDB 3SN6/green) state (Supplemental Fig. 3.S1B). Based on the comparison of

these CXCR4 and adrenergic receptor structures, we were able to extrapolate and develop 3 major

hypotheses: 1) although the overall folding of the TM domains of GPCRs is highly conserved,

the most striking di�erences among GPCRs are found in ECL2 and ECL3 that are thought

to direct ligands into the receptor binding pocket. The additional negative charges provided

by glycosylation might promote the interaction with the basic domains of CCL21 and hence,

facilitate the entry of the chemokine into the binding groove of the receptor. 2) It has been

suggested that the receptor's extracellular domains provide additional ligand selectivity [513].

Hence, glycosylation of the extracellular N terminus and ECL3 of the receptor would not only

add additional negative charge but also prevent preferential binding of the chemokine within the

binding groove because of steric hindrance in the region of the N terminus and ECL3 (Fig. 3.2A

and B). Based on our predictions, the sugar moiety on N292 of CCR7 folds over the ligand entry

site and the major binding groove (Fig. 3.2C), thereby acting as a swinging door. This swinging

door principle would allow CCR7 to keep its responsiveness at high chemokine concentrations,

however would be suboptimal at lower chemokine concentrations. 3) The N terminus of the S1P1

receptor was found to fold over the top of the receptor, simultaneously contributing to ligand

binding, as well as regulating the access to the binding pocket by forming a helical cap [514].

Of note, S1P1 receptor N-glycosylation of N30 was found to increase this helical cap without

a�ecting ligand binding but regulating receptor endocytosis [515]. According to this, it is possible

that CCR7 glycosylation might regulate CCR7 desensitization and endocytosis.
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Figure 3.3: Soluble CCL21 - a chemokine with unique functions. (A) Soluble CCL21 is more
potent but less e�cient in promoting T cell migration. Speci�c migration of primary blood-derived human
T cells in response to a graded amount of puri�ed CCL21 or soluble CCL21 was determined by Transwell
chemotaxis assays. Mean values and SD from 4 independent experiments of individual donors are shown.
(B) Soluble CCL21 stimulation leads only to limited intracellular Ca2+ mobilization. Human MoDCs
were matured by a cocktail of in�ammatory cytokines (IL-1b, IL-6, TNF-a) for 48-h in the presence of
PGE2 to induce CCR7 expression. Fluo-3-loaded MoDCs were stimulated with 0.5 µg/ml chemokines,
and changes in intracellular calcium concentrations were recorded by �ow cytometry. Depicted is 1
experiment out of 4 with similar outcomes. (C) Soluble CCL21 induces intermediate ERK1/2 activation
in primary human PBLs. Freshly isolated PBLs were stimulated for indicated time points with 0.5 µg/ml
CCL19, CCL21, or soluble CCL21, lysed, and ERK1/2 phosphorylation determined by Western blotting.
One out of 4 individual donors is depicted. continued on following page
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continued from preceding page(D) Soluble CCL21 promotes CCR7 receptor endocytosis. HEK293 cells
stably transfected with Strep-HA-CCR7 were stimulated with CCL19, CCL21, or soluble CCL21 for 30
min at 37�, and receptor endocytosis was determined by antibody-feeding experiments and visualized by
confocal microscopy. 3D reconstruction of 0.13 µm confocal stacks and subsequent analysis of endocytic
vesicles were performed using Imaris. Plasmamembrane CCR7 is stained in red, whereas endocytosed
CCR7 is visualized in green. Micrograph derived from 4 independent experiments. Original scale bars, 10
µm. Quanti�cation of endocytic dots is represented as box and whisker plot. ***P , 0.001 (ANOVA with
Tukey post-test). (E) Soluble CCL21 does not induce receptor desensitization. Primary human T cells
were pretreated with 0.5 µg/ml CCL19, CCL21, or soluble CCL21 for 30 min. Speci�c cell migration in
response to 0.5 µg/ml CCL19, CCL21, or soluble CCL21 was determined by Transwell chemotaxis assays.
Mean values and SD from 4 independent experiments of individual donors are shown. *P , 0.05, **P ,
0.01 (ANOVA with Dunnett post-test).

Figure 2.S4: De-glycosylation of CCR7 increases CCR7 mediated signaling and migration.
(A) Surface expression of CCR7 on 300-19 cells expressing CCR7 glycosylation mutants. CCR7 is in-
dicated as tinted light grey, N36A in black line, N292 in dashed black line and N36AN292 mutant in
pointed black line. Isotype control in tinted dark grey. One out of three experiments with similar out-
comes is shown. (B) Mutation of glycosylated residues of CCR7 enhances 3D cell migration through
Matrigel. Speci�c migration of 300-19 CCR7 transfectants in response to 0,5µg/ml CCL19 or CCL21 was
determined through 3D Matrigel TranswellTM chemotaxis assays. Mean values and SEM from ten inde-
pendent experiments are shown. (C) Enhanced CCL19 binding to de-glycosylated CCR7. 300-19 cells
expressing CCR7 or glycosylation mutants were incubated at 4�(to prevent endocytosis) with increasing
concentrations of CCL19-Fc. Cells were extensively washed at 4�and CCL19-Fc binding determined
using �ow cytometry. Mean values and SD from eight independent experiments are shown. (ANOVA
with Tukey post test. (D) CCL19-mediated ERK1/2 and RSK activation in CCR7-transfected HEK293
cells. HEK293 transfected with CCR7 or CCR7 N36AN292A were stimulated for indicated time points
with 0,5µg/ml CCL19, lysed and ERK1/2 phosphorylation, as well as its cytosolic substrate RSK, was
determined by Western blotting. One experiment out of four with similar outcomes is depicted.
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3.3.4 Soluble CCL21 owns unique properties that are distinct from CCL19 and immobilized

CCL21

To test our �rst hypothesis that the negative charges introduced by CCR7 glycosylation would

facilitate the interaction with the unique, positively charged domain of CCL21, we recombinantly

produced CCL21, lacking the C-terminal tail, harboring the GAG binding site. Of note, this

chemokine variant is generated proteolytically by DCs and therefore, is referred to as soluble

CCL21 [151]. Surprisingly, soluble CCL21 induced primary human T cell migration at much

lower concentrations compared with its parental variant (Fig. 3.3A). Moreover, T cell migration

toward soluble CCL21 reached a sustained plateau of 20% of migrating cells, whereas a maxi-

mum of 60% of migrating cells was achieved by CCL21 that declined again at higher chemokine

concentrations (Fig. 3.3A).

These results prompted us to investigate further receptor activation and downstream signaling

elicited by CCL21 and soluble CCL21. One of the earliest signaling events of chemokine-triggered

receptors is activation of phospholipase C by the Gβγ subunits of the G protein, resulting in an

increase of intracellular inositol trisphosphate and diacylglycerol, and consecutively, the release

of calcium ions from intracellular stores. Stimulation of human MoDCs with CCL21 induced

a robust mobilization of intracellular calcium that was more pronounced than for CCL19 (Fig.

3.3B). The weakest calcium mobilization was achieved by stimulation with soluble CCL21 (Fig.

3.3B), pointing again to a unique role of soluble CCL21.

PI3K plays an important role in coordinating chemokine responses through coupling to down-

stream e�ectors, including activation of ERK and Akt [516]. Interestingly, a bias in ERK1/2

activation upon CCR7 triggering by CCL19 and CCL21 was noted [193, 194]. In line with these

studies, we observed stronger ERK1/2 phosphorylation in primary human PBLs stimulated with

CCL19 compared with CCL21 (Fig. 3.3C). Strikingly and in contrast to Ca2+ mobilization,

ERK1/2 activation by soluble CCL21 was elevated when compared with CCL21 (Fig. 3.3C).

Moreover, CCL19, but hardly CCL21, is known to induce receptor internalization [450, 459]

(Fig. 3.3D). Surprisingly, we detected an intermediate endocytosis rate when we triggered CCR7

with soluble CCL21 (Fig. 3.3D). Thus, both soluble chemokines (CCL19 and soluble CCL21)

sequester CCR7 from the surface, which might be a prerequisite for the cell to migrate toward

higher concentrations of the chemokine, as it provides the cell with a broader dynamic range of

receptor activation. We next performed desensitization experiments, in which we pretreated pri-

mary human T cells for 30 min with CCL19, soluble CCL21, or CCL21; removed the chemokines

by washing; and allowed cells to migrate in response to freshly provided CCL19, soluble CCL21,

and CCL21. Pretreatment with CCL19 strongly desensitized CCR7, as the chemotactic response

of the T cells was reduced signi�cantly (Fig. 3.3E), con�rming a previous study [459]. CCL21

pretreatment resulted in T cell desensitization, most pronounced when cells migrated toward

soluble CCL21 (Fig. 3.3E). However, T cell migration was not a�ected if cells were pretreated
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with soluble CCL21, although soluble CCL21 induced receptor internalization (Fig. 3.3E). This

observation is consistent with earlier �ndings that the expression level of CCR7 on the surface

of T cells and DCs does not correlate with the migratory capacity in response to CCL19 and

CCL21 [364, 463]. Taken together, we found that soluble CCL21 is more potent in inducing

chemotaxis but is not as e�ective as CCL21. Moreover, stimulation with soluble CCL21 led to

a robust ERK1/2 activation but a weak Ca2+ response, and soluble CCL21 induced low-rate

receptor endocytosis but no CCR7 desensitization. Thus, our data suggest that the GAG bind-

ing site within the C terminus of CCL21 does not play a major role in recognizing the sugar

moiety of CCR7 but rather, led us to assume that the cleavage of the basic C terminus of CCL21

(by DCs [151]) creates a new form of chemokine with unique biologic features. This notion is

further supported by the fact that chemokine binding to the receptor, as determined by CCL19-

Fc binding, was more e�cient in the glycosylation-defective CCR7 mutants (Supplemental Fig.

3.S2D). Therefore, we excluded our hypothesis that the negative charges provided by receptor

glycosylation redirect the chemokines into the binding groove.

3.3.5 CCR7 glycosylation mutants demonstrate increased receptor signaling and enhanced

migration

To decipher the functional role of glycosylation, we next generated lymphocytic cell lines express-

ing WT CCR7 or CCR7 mutants lacking glycosylation sites and performed 2D and 3D migration

experiments. Surprisingly, cells expressing the CCR7 N292A or N36A mutant migrated signi�-

cantly better in response to CCR7 ligands compared with WT CCR7, both in a 2D (Fig. 3.4A)

and a 3D setting (Supplemental Fig. 3.S2B). In line with the results described above, this in-

crease in cell migration was detected, not only for CCL21 but also for CCL19 and soluble CCL21,

suggesting that glycosylation of CCR7 at position N292 acts as a steric factor. To characterize

this phenomenon further, we let cells, expressing WT CCR7 or glycosylation-defective CCR7

mutants, migrate toward graded concentrations of CCL19 (Fig. 3.4B). As expected, we observed

an increase in cell migration of CCR7 N292A over a wide range of a CCL19 concentration. Impor-

tantly, ablation of both N-glycan structures of CCR7 resulted in completely altered chemotactic

behavior (Fig. 3.4B). The N36A,N292A CCR7 mutant showed its best migratory response to-

ward low CCL19 concentrations, and the response converged with the response curve of WT

CCR7 at higher CCL19 concentrations (Fig. 3.4B). To substantiate this �nding, we deglycosy-

lated CCR7 by treating primary human T cells with PNGaseF before assessing their migratory

capacity. Notably, PNGaseF-treated T cells migrated more readily toward CCR7 ligands (Fig.

3.4C), and the increase in migration was most pronounced for soluble CCL21 (Fig. 3.4C).

Next, we determined chemokine-mediated Ca2+ mobilization in WT CCR7 and its glycosylation

- defective mutants and found that mutating one or both glycosylation sites of CCR7 resulted in

prolonged Ca2+ mobilization, independent of which chemokine was used (Fig. 3.4D). Therefore,

we next asked whether such a sustained signaling is also manifested in ERK1/2 activation. To
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Figure 3.4: Deglycosylation of CCR7 increases signaling and migration. (A) Mutation of glyco-
sylated residues of CCR7 enhances cell migration. Speci�c cell migration of 300-19 CCR7 transfectants
in response to 0.5 µg/ml CCL19 or CCL21 was determined by Transwell chemotaxis assays. Mean val-
ues and SEM from 10 independent experiments are shown. *P , 0.05 (ANOVA with Tukey post-test).
(B) Removal of CCR7 N-glycans creates a more potent receptor. Speci�c migration of 300-19 CCR7
transfectants in response to indicated concentrations of CCL19 was determined by Transwell chemotaxis
assays. Mean values and SEM from 7 independent experiments are shown. *P , 0.05 (ANOVA with Tukey
post-test). (C) Deglycosylation of primary T cells enhances CCR7-driven migration. Speci�c migration
of freshly isolated CD3+ T cells, pretreated with 5 µg/ml PNGaseF for 1 h in response to indicated
concentrations of CCL19, CCL21, or soluble CCL21, was determined by Transwell chemotaxis assays.
Mean values and SD from 4 independent experiments are shown. Lines represent nonlinear �t. **P ,
0.01, ***P , 0.001 (ANOVA with Tukey posttest). (D) Deglycosylation of CCR7 prolongs chemokine-
mediated intracellular Ca2+ mobilization. Changes in intracellular Ca2+ concentrations of Fluo-3-loaded
300-19 CCR7 transfectants in response to 0.5 µg/ml CCL19 (top), CCL21 (middle), or soluble CCL21
(bottom) were recorded by �ow cytometry. One experiment out of 3 with similar outcomes is depicted.
(E) Deglycosylation of CCR7 enhances chemokine-mediated ERK1/2 activation. HEK293, transfected
with CCR7, CCR7 N292A, or CCR7 N36AN292A, were starved for 2 h and subsequently stimulated
with 0.5 µg/ml CCL19, CCL21, or soluble CCL21; lysed; and ERK1/2 phosphorylation determined by
Western blotting. One experiment out of 4 with similar outcomes is depicted.

test this, we stimulated HEK293 cells stably expressing WT CCR7 or CCR7 glycosylation mu-

tants with CCL19, CCL21, or soluble CCL21 (Fig. 3.4E). In line with our previous observations,

we found that stimulation of glycosylation - defective CCR7 resulted in a slightly earlier but

not a prolonged ERK1/2 phosphorylation (Fig. 3.4E and Supplemental Fig. 3.S2D). This ob-

servation could be recapitulated by determining CCL19-mediated phosphorylation of ribosomal

S6 kinase, the cytosolic substrate of ERK1/2 (Supplemental Fig. 3.S2D). Taken together, we

demonstrated that deglycosylation of CCR7 enhanced migration, as a result of an increase in

receptor activation, as evidenced by prolonged Ca2+ response and increased ERK1/2 activation.

Hence, we conclude that CCR7 glycosylation is not involved in ligand recognition but rather, acts

as a gatekeeper to regulate the access of chemokines, as well as to prevent chemokine dissociation

after entering into the binding pocket.
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3.3.6 CCR7 glycosylation contributes to receptor endocytosis and cell desensitization

As glycosylation of CCR7 is involved in regulating early signaling events and cell migration,

we next determined whether the CCR7 N-linked glycans also controls receptor desensitization

and endocytosis. Hence, we pretreated cell lines expressing CCR7 or its glycosylation-defective

mutants with CCL19 and CCL21, removed excess of chemokines, and allowed cells to migrate to-

ward freshly added chemokines. Cells expressing CCR7 N292A and CCR7 N36A,N292A showed

slight di�erences in receptor desensitization induced by CCL19 and CCL21 (Fig. 3.5A). These

�ndings support the principle of glycosylation acting as a swinging door, providing on the one

hand steric hindrance for chemokine entry and on the other hand, retaining entered chemokines

within the binding pocket, keeping the receptor susceptible for desensitization.

We next determined CCL19-mediated CCR7 endocytosis of WT and glycosylation-defective

CCR7 receptors. Of note, the endocytosis rate of CCR7 N36A was reduced signi�cantly by

∼80%, whereas CCR7 N292A behaved similarly to WT CCR7 (Fig. 3.5B). Thus, we concluded

that glycosylation on position N36 in the N terminus of CCR7, similar to glycosylation of N30

on the S1P1 receptor [515], is predominantly necessary for CCR7 endocytosis.

3.3.7 Imprinting of T cell responsiveness toward CCR7 ligands boosts CCR7 migration and

T cell- DC interaction

The major role of CCL21 and CCL19 is to bring antigenpresenting DCs and cognate T cells into

close contact. As it has been suggested that modulation of the lymphocyte velocity is the most

e�ective ability of rare antigen-speci�c T cells to �nd a cognate DC and as DCs were found to

modulate the intranodal dwell time [151], we wondered whether a distinct CCR7 glycosylation

pattern might account for the reported modulation and whether DCs secrete glycosidases to

modulate CCR7 activities on T cells. To test this, we �rst collected supernatants of immature

and mature MoDCs, derived from up to 20 donors. The pooled supernatants were concentrated

and dialyzed with a cut-o� of 10 kDa to exclude the contribution of peptides and cytokines. Then,

we incubated primary human T cells with the supernatants of immature and mature human

MoDCs before subjecting the T cells to chemotaxis assays. Of note, the treatment of T cells

with the supernatant of mature MoDCs, but not immature MoDCs, signi�cantly enhanced T cell

migration in response to CCL19, CCL21, and soluble CCL21 (Fig. 3.6A). As the e�ects observed

with the supernatant of mature MoDCs resemble the results obtained by PNGaseF treatment

(Fig. 3.4C), it is tempting to speculate that human mature MoDCs, but not immature MoDCs,

secrete a glycosidase. To test this hypothesis, we treated the supernatants of MoDCs with

glycosidase inhibitors. In fact, addition of glycosidase inhibitors neutralized the enhancing e�ect

of supernatants from mature MoDCs on CCR7-driven T cell migration (Fig. 3.6B). To verify the

deglycosylation activity of the supernatants derived from mature MoDCs, we treated HEK293

cells stably expressing tagged CCR7 with the MoDC supernatants. The supernatant derived
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Figure 3.5: Mutation of N26 in CCR7 N terminus inhibits CCL19-mediated CCR7 en-
docytosis. (A) CCL21-mediated desensitization is impaired in CCR7 N292A mutant. 300-19 CCR7
transfectants were pretreated with 0.5 µg/ml CCL19 or CCL21 for 30 min and washed. Speci�c cell
migration in response to 0.5 µg/ml CCL19 or CCL21 was determined by Transwell chemotaxis assays.
Mean values and SD from 6 independent experiments are shown. (B) Mutation of N36 to alanine in
CCR7 inhibits CCL19-mediated CCR7 endocytosis. HEK293 CCR7 transfectants were stimulated with
CCL19 for 30 min at 37�, and receptor endocytosis was determined by antibody feeding and confocal
microscopy. 3D reconstruction of 0.13 µm confocal stacks and subsequent analysis of endocytic vesicles
were performed using Imaris. Plasma membrane CCR7 is stained in red, whereas endocytosed CCR7
is visualized in green. Micrograph derived from 4 independent experiments. Original scale bars, 10 µm.
Quanti�cation of endocytic dots is represented as box and whisker plot. ***P , 0.001 (ANOVA with
Tukey post-test).

from mature, but not immature MoDCs, decreased the molecular weight of CCR7 in SDS-PAGE

(Fig. 3.6C). Furthermore, addition of glycosidase inhibitors prevented CCR7-deglycosylation

(Fig. 3.6C), providing evidence that mature MoDCs secrete a deglycosylating enzyme. Finally,

we assessed whether the supernatant of MoDCs, owing a deglycosylation activity, is able to boost

the T cell-scanning process, resulting in increased T cell proliferation. Therefore, we decided to

perform MLRs with CFSE-labeled primary human T cells and MoDCs from di�erent donors in

the presence of supernatants derived of mature or immature MoDCs. In fact, T cell proliferation

was enhanced in the presence of the mature MoDC supernatant (Fig. 3.6D). Thus, we identi�ed

that mature MoDCs secrete (a) glycosidase(s) that boost CCR7-mediated migration and possibly

the scanning process, resulting in enhanced T cell proliferation.
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Figure 3.6: DC-driven deglycosylation enhances CCR7-mediated T cell migration and scan-
ning process. (A) Mature DC supernatant (SN) boosts CCR7-mediated T cell migration. Speci�c
migration of freshly isolated CD3+ cells, pretreated with immature MoDC SN medium (solid lines) or
mature MoDC SN medium (dashed lines) for 2 h in response to an indicated concentration of CCL19
(black), CCL21 (green), or soluble CCL21 (red), was determined by Transwell chemotaxis assays. Mean
values and SD from 5 independent experiments of individual donors are shown. Lines represent nonlin-
ear �t. *P , 0.05, **P , 0.01, ***P , 0.001 (t-test). (B) DC-derived glycosidase accounts for elevated,
CCR7-mediated T cell migration. Speci�c migration of freshly isolated CD3+ cells, pretreated with im-
mature MoDC SN medium or mature MoDC SN medium for 2 h in the presence or absence of glycosidase
inhibitor mix (0.25 mg/ml deoxynojirimycin, 0.25 mg/ml castanospermine) in response to 0.5 µg/ml
CCL19, CCL21, or soluble CCL21, was determined by Transwell chemotaxis assays. Mean values and
SD from 7 independent experiments of individual donors are shown. *P , 0.05, **P , 0.01 (ANOVA with
Dunnett post-test). (C) CCR7 is deglycosylated upon incubation with mature MoDC SN. HEK293 cells,
stably transfected with Strep-HA CCR7, were treated for 2 h with 5 µg/ml PNGaseF, with immature
MoDC SN medium, with MoDC mature SN medium, with MoDC mature SN medium together with
glycosidase inhibitor mix (0.25 mg/ml deoxynojrimycin, 0.25 mg/ml castanospermine), or left untreated.
Cells were lysed, and CCR7 was immunoprecipitated using an anti-HA antibody. The molecular weight
of CCR7 was determined by Western blotting. Depicted is 1 experiment out of 4. (D) Mature MoDC
SN enhances T cell proliferation in a MLR. Freshly isolated, human blood-derived CD3+ T cells were
labeled with CFSE and incubated with allogeneic MoDCs in immature MoDC SN medium or mature
MoDC SN medium for 4 d. T cell proliferation was analyzed by �ow cytometry. One experiment out of 4
from individual donors is depicted. (E) Schematic representation of how DCs process CCL21 and CCR7
glycosylation to shape T cell responses
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3.4 Discussion

Glycans decorate the cell surface via glycosylated proteins and lipids, forming the juncture at

which critical host-host but also host-pathogen interactions occur. Thereby, sialic acids play a

central role in immunity, as this unique sugar moiety usually occupies the terminal position of

the glycan chain, hence linking extracellular cues with cell responses [494]. To tackle pathogenic

invaders e�ciently and to limit antigen spread, both innate and adaptive immune responses

work conjointly. DCs preside over the transition from innate to adaptive repertoires, as they

sense the pathogen and transport pathogen-derived antigens to draining lymph nodes, where

they present them to T and B cells. Lymph node homing of T cells and antigen-experienced

DCs relies on the chemokine receptor CCR7 and its 2 ligands, CCL19 and CCL21 [124]. Herein,

we show that CCR7 sialylation provides steric hindrance, rendering the receptor less e�cient at

low chemokine concentrations. We show that freshly isolated human blood-derived B cells and

in vitro-expanded T cells express high amounts of sialylated CCR7, whereas CCR7 sialylation

can hardly be detected on naive T cells. Moreover, we demonstrate that DCs secrete an enzyme

that deglycosylates CCR7 on T cells, thereby enhancing receptor potency and simultaneously

increases its signaling ability, while inhibiting receptor endocytosis.

In the lymphoid tissues, stroma-derived, immobilized CCL21 is the most abundant CCR7 lig-

and. Activated, matured DCs serve as an additional source of soluble guidance cues by secreting

CCL19 [490] and proteolytically processing immobilized CCL21 [151]. Both soluble chemokines

are able to internalize CCR7, rendering the cells progressively less responsive and thus, capable of

discerning higher CCR7 ligand concentrations, hence providing the cell with a broader dynamic

range of receptor activation. The internalization of surface CCR7 does not essentially lead to

a reduction of maximal signal stimulation but rather, shifts the dose response such that higher

ligand concentration is needed to trigger the same magnitude of chemotactic response. T cells,

having �nally reached the DCs presenting cognate antigens, must come to halt. We propose that

this stop signal is provided by soluble CCL19 and soluble CCL21 that cause ligand and receptor

sequestration at the leading edge, thereby rendering the cells progressively less sensitive, until

they stop where chemokine concentration is highest.

Interestingly, DCs have been shown to rearrange their own surface glycan patterns during their

lifespan, as well as that of neighboring cells, by modulating the expression patterns of sialyl-

transferases and sialidases, resulting in an increase of α2,3- sialylation and a decrease of α2,6-

sialylation [495�498]. The herein presented principle, in which CCR7 sialylation regulates re-

ceptor sensitivity, is conceptually appealing, as receptor sialylation can be regulated locally and

more immediately and is independent of the comparatively slow and long-lasting regulation of

gene transcription. Likewise, it has been suggested previously that DCs have an imprinting

capacity on the chemokine receptor repertoire and the homing potential of T cell subsets, most

prominently generated in the mucosa-associated lymphoid tissues [517].
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Consistent with the �nding that DCs can down-modulate CCR7 glycosylation, we observed only

limited amounts of sialylated CCR7 on naive, recirculating T cells, whereas in vitro-expanded

and -activated T cells expressed highly sialylated CCR7. Thus, modulation of CCR7 glycosyla-

tion on T cells by DCs, to modulate chemotactic responses, could be seen in a larger context

and points toward a more general ability of DCs to shape T cell migration.

From a cell-biologic perspective, CCR7 deglycosylation could be an advantage for cells migrat-

ing in steep gradients of CCL19 and CCL21 or sparse CCL21 and integrin-ligand coating of the

FRCs that in�uence intranodal positioning and also dwell times of T cells and DCs. For a rare

antigen-speci�c T cell to �nd its cognate antigen-presenting DC, it is well accepted that the T

cells modulate their velocity [518]. In vivo, much of the increase in velocity may be driven by

CCL19 and CCL21, secreted by FRC. An additional layer of regulation may be added by the

DC's ability to process CCL21 proteolytically, to generate its soluble form, and by the deglycosy-

lation of CCR7 on T cells, conjointly resulting in an elevated scanning potential and enhanced T

cell proliferation. The advantages of deglycosylated CCR7, most prominent at lower chemokine

concentrations, might also be relevant in reactive lymph nodes, where stroma cells produce far

lower amounts of chemokines [519]. Hence, by producing soluble CCL21 and by secreting glycosi-

dases, DCs are able to establish a local micromilieu within the reactive lymph node, favoring an

enhanced chemokine sensitivity required for optimal T cell scanning. After an expansion period,

production of homing chemokines by FRCs and CCR7 expression on T cells are transcription-

ally down-regulated [519], thereby preparing e�ector cells to leave the T cell zone of secondary

lymphoid organs.

Interestingly, the early up-regulation of CXCR5 on T cells observed within the �rst 36 h of in-

fection does not trigger T cell migration into B cell follicles [520]. It appears that the onset of

T cell expansion sets distinct thresholds of CCR7 and CXCR5 responsiveness, enabling a few T

cells to enter the B cell compartment [520]. Again, DCs are the key player in imprinting the cells

to become follicular Th cells, as DC-T cell interaction determines the balance between CCR7

and CXCR5 signaling [521]. Whereas the herein-described concept advances the principles of

micromilieus and lymph node conditioning, it also has limitations: in a more demanding and

complex 3D environment, where integration of multiple extracellular signals and guidance cues

is necessary, the decrease of endocytosis and desensitization and the prolongation of CCR7 sig-

naling would more likely impair lymph node homing than help to persist a polarized chemokine

signal in a continued presence of ligands. Consistent with this notion, DCs need to be fully

matured before they boost CCR7-mediated migration through deglycosylation of CCR7 and by

rendering immobilized CCL21 soluble.

The herein-described down-modulation of CCR7 sensitivity through glycosylation on N36 and

N292 helps to resolve the dilemma of how B cells are directed toward their B cell zone, in spite

or even because of their expression of CCR7. Whereas T cells use and depend on CCR7 to home

and migrate within secondary lymphoid organs, naive B cells also express CCR7, albeit in lower
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amounts, and they use this receptor along with CXCR4 and CXCR5 to enter lymphoid tissues

from the blood [434, 522, 523]. Although the CCL21 gradient extends into the B cell follicle, and

the entry of B cells into the B cell follicle is more e�cient when cells express CCR7 [524, 525],

migration and positioning of B cells on follicular DCs are highly dependent on CXCL13/CXCR5

[523]. Hence, we observed a strong glycosylation of CCR7 on naive B cells, thereby reducing

sensitivity of CCR7 and shifting the balance of CCR7/CXCR5 signaling. This would suggest

that CCR7 regulation is involved in the correct positioning of B cells in lymphoid tissues. Upon

pathogen encounter, mature DCs migrate into lymphoid organs, resulting in lymph node condi-

tioning [526], cleavage of CCL21, and secretion of glycosidases. Contemporaneously, activation

of B cells via BCRs results in up-regulation of CCR7 on a transcriptional level [109, 527], but on

the other hand, CCR7 deglycosylation would modulate chemokine responsiveness. The shift in

chemokine responsiveness causes activated B cells to migrate to the T zone, where they become

distributed along the B/T border [109].

3.5 Materials and Methods

3.5.1 Materials

Recombinant human CCL19 and CCL21 were purchased from PeproTech (Rocky Hill, NJ, USA).

Antibodies from the following sources were used: monoclonal anti-HA-HRP (clone HA7; Sigma-

Aldrich, St. Louis, MO, USA); POD-streptavidin (Jackson ImmunoResearch Laboratories, West

Grove, PA, USA), anti-CCR7 used in PLA (LifeSpan Biosciences, Seattle, WA, USA); anti-biotin

used in PLA (Bethyl Laboratories, Montgomery, TX, USA), and anti-CCR7-allophycocyanin,

mouse IgG2A isotype control (R&D Systems, Minneapolis, MN, USA). Glucosidase inhibitors

(deoxynojirimycin, castanospermine) were purchased from Enzo Life Science (Farmingdale, NY,

USA).

3.5.2 Construction of expression plasmids

The cloning of pcDNA3-CCR7-enhanced GFP has been described previously [450]. The pRB-

SS-HA-Strep-CCR7 construct was a kind gift of Dualsystems Biotech (Schlieren, Switzerland).

N-terminally, it contains the 25 aa signal peptide of human albumin, followed by an HA-tag and

a double Strep-tag, followed by human CCR7, starting from aa 24 and ending at aa 378. For

interaction studies, we subcloned this CCR7 construct into pcDNA3, harboring a C-terminal

linker sequence and the YFP1 part of the split YFP system [465] by PCR using custom-designed

primers from Microsynth (Balgach, Switzerland; 59-GAA TGA ATT CGG CCG CTC GAG

ACC ATG AA and 59-CTA TAT CGA TTG GGG AGA AGG TGG TGG TG). Site-directed

mutagenesis was performed using the QuickChange II site-directed mutagenesis kit (Agilent,

Santa Clara, CA, USA), following the manufacturer's instructions using primers from Microsynth
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(N36A 59-GAC GAT TAC ATC GGA GAC GCC ACC ACA GTG GAC TAC AC and 59-GTG

TAG TCC ACTGTG GTG GCG TCT CCG ATG TAA TCG TC; N292A 59-GAC GGT GGC

CAA CTT CGC CAT CAC CAG TAG CAC C and 59-GGT GCT ACT GGT GAT GGC GAA

GTT GGC CAC CGT C). Mature, full-length and mature C-terminally truncated CCL21 (aa

24-98) were subcloned into pET-6His-SUMO by PCR using custom-made primer pairs from

Microsynth (CCL21 59-CCA GTG GGT CTC AGG TGG TAG TGA TGG AGG GGC TCA

GGA CTG TTG C and 59-CCG CTC GAG CGG CTA TGG CCC TTT AGG GGT CTG TG;

soluble CCL21 59-GAC ACC ATC CCC ACA GGA CTA CAA GGA CGA CG and 59-CGT

CGT CCT TGT AGT CCT GTG GGG ATG GTG TC) and pcDNA3 CCL21-Flag as a template.

3.5.3 Isolation of primary human cells, cell lines, and transfection

Blood donation for research purposes was approved by the local ethics committee, and individ-

ual donors gave written consent. PBMCs from healthy donors were enriched by density gra-

dient centrifugation on Ficoll-Paque Plus (Amersham Biosciences, GE Healthcare Bio-Sciences,

Piscataway, NJ, USA). Monocytes were separated from PBLs by use of anti-CD14-conjugated

microbeads (Miltenyi Biotec, San Diego, CA, USA). Monocytes (23 106 cells/ml) were then dif-

ferentiated to immature MoDCs in serum-free AIM-V (Gibco; Thermo Fisher Scienti�c, Grand

Island, NY, USA), supplemented with 50 ng/ml IL-4 and 50 ng/ml GM-CSF (PeproTech), as

described previously [463]. On d 6, immature MoDCs were harvested and matured for 2 d in IL-

4/GM-CSF-containing medium by addition of the cytokine cocktail, comprising 20 ng/ml TNF-a,

20 ng/ml IL-6, and 10 ng/ml IL-1b (PeproTech) in the presence or absence of 1 µg/ml PGE2

(Cayman Chemical, Ann Arbor, MI, USA). Untouched, naive CD4+ T cells were isolated from

PBLs by negative selection by use of the naive CD4+ T cell isolation kit II (Miltenyi Biotec).

PBLs and CD3+-sorted (Miltenyi Biotec) T cells were cultured in RPMI-1640 medium, supple-

mented with 2% human AB serum (Lonza, Basel, Switzerland). Where indicated, CD45RO+ T

cells were isolated from PBLs by use of anti-CD45RO MicroBeads (Miltenyi Biotec). E�ector T

cells were obtained by culturing CD3+-sorted cells for 7 d on anti-CD3/anti-CD28-coated dishes,

as described [364]. CD19+ B cells were isolated from PBLs by positive selection (Miltenyi Biotec)

and cultured in RPMI-1640 medium, supplemented with 2% human AB serum (Lonza). HEK293

cells and stable HEK293 (mutant) CCR7 transfectants were grown and maintained in DMEM,

containing 10% FCS (Lonza). HEK293 cells were transiently transfected by TransIT-LT1 (Mirus

Bio, Madison, WI, USA), according to the manufacturer's protocol. Cells (300-19 pre-B) were

stably transfected with CCR7 constructs, as described [90, 450], and cultured in RPMI-1640

medium, supplemented with 10% FCS, 1% nonessential amino acid, and 0.5% 2-ME (Lonza).
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3.5.4 Production of recombinant chemokines

The production of CCL21 and soluble CCL21 has been described previously [151]. In brief,

human mature, full-length (aa 24-134) and C-terminally truncated CCL21 (aa 24-98) in pET-6his-

SUMO-1 were transformed into Escherichia coli B834(DE3)pLysS (Novagen, Madison, WI, USA),

disrupted using a French press (Constant Systems, Kennesaw, GA, USA); supernatants were

loaded on a HisTrap HP column (GE Healthcare Life Sciences) and washed, and bound proteins

were eluted with PBS containing 500 mM imidazole using an AKTA Explorer chromatography

system (Amersham Biosciences, GE Healthcare Life Sciences). Eluted fractions were digested

with C-terminal his-tagged, ubiquitin-like-speci�c protease-1 at 4�, followed by puri�cation of

the cleaved chemokines on a Zn2+-charged HiTrap immobilized metal ion a�nity chromatography

fast �ow (IMAC FF) column (GE Healthcare Life Sciences) and an optional gel �ltration (HiPrep

Sephacryl S-200; GE Healthcare Life Sciences).

3.5.5 Antibody-feeding experiments

CCR7 endocytosis was monitored using the antibody-feeding assay. HEK293 cells, stably ex-

pressing HA-tagged CCR7 variants, were starved in serum-free DMEM for 1 h. Starved cells

were pulsed with anti-HA mAb (clone HA7; Sigma-Aldrich) for 1 h at 4�in HEPES-bu�ered

medium (DMEM, 25 mM HEPES, 0.5% BSA, pH 7.4) and washed extensively. Subsequently,

cells were stimulated with 0.5 µg/ml CCL19, 0.5 µg/ml CCL21, or 0.5 µg/ml soluble CCL21 for

20 min at 37�and �xed in 4% formaldehyde. Slides were blocked using 3% BSA in PBS and

stained with Alexa Fluor 568-labeled secondary antibodies (Life Technologies, Thermo Fisher

Scienti�c). After extensive washing, cells were permeabilized using 0.5% saponin, followed

by incubation with Alexa Fluor 488-labeled secondary antibodies (Life Technologies, Thermo

Fisher Scienti�c). Slides were mounted using polyvinyl alcohol mounting medium with 1,4-

diazabicyclo(2.2.2)octane (Dabco; Sigma-Aldrich). Confocal images were acquired on a Leica

TCS SP5 II laser-scanning confocal microscope using a 633/1.4 NA oil-immersion objective (Le-

ica). Quanti�cation of endocytic dots was performed using confocal stacks of 0.13 µm thickness

and the Imaris plug-in for automatic detection of vesicles and ImarisVantage (Bitplane, Concord,

MA, USA).

3.5.6 Migration assays

Cell migration on a 2D substrate was assessed in the 24-well Transwell systems and polycarbon-

ate �lters with a pore size of 5 mm (Corning Costar, Corning, NY, USA). In brief, 1x105 cells

were allowed to migrate for 3 h to the lower compartment containing graded concentrations of

CCL19, CCL21, or soluble CCL21. Where indicated, cells were pretreated for 1 h with 5 µg/ml

puri�ed PNGaseF [528] or for 30 min with concentrated supernatants derived from MoDC cul-
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tures (see below). For CCR7 desensitization experiments, cells were preincubated with 0.5 µg/ml

chemokines. Migrated cells were harvested, and cell numbers were determined by �ow cytome-

try. Cells that migrated spontaneously to the lower compartment in the absence of chemokines

were subtracted. For 3D migration, 3x105 cells in 200 ml medium were supplemented with 40

ml Matrigel (BD Biosciences, San Jose, CA, USA) and seeded on top of 5 mm Transwells.The

matrix was polymerized for 10 min at 37�, and cells were allowed to migrate for 3 h through

the matrix into the lower compartment.

3.5.7 Ca2+ mobilization experiments

Chemokine-mediated changes in intracellular-free Ca2+ concentration were recorded as described

[90]. MoDCs matured in the presence of PGE2, or 300-19 cells, stably expressing variants of

CCR7 (106 cells/ml in 145 mM NaCl, 5 mM KCl, 1 mM Na2HPO4, 1 mM MgCl2, 5 mM glucose,

1 mM CaCl2, 10mMHEPES, pH 7.5), were loaded with 1.5 µl/ml Fluo-3/AM (4 mM in DMSO)

for 30 min at 37�. Samples were divided into 500 µl aliquots, and changes in the �uorescence of

Fluo-3 in response to 0.5 µg/ml chemokines or 0.02 µg/ml ionomycin were acquired for a period

of up to 350 s on an LSR II �ow cytometer (BD Biosciences).

3.5.8 Generation of MoDC supernatants

Supernatants of immature MoDCs or MoDCs matured in the presence of PGE2, derived from up

to 20 donors (a total of 200 ml), were concentrated to 20 ml using centricons and dialyzed twice

against 5 L PBS in a 10 kD cut-o� Slide-A-Lyzer dialysis cassette (Thermo Fisher Scienti�c) for

3 d. Dialyzed and concentrated supernatants were supplemented with 5% glycerol and stored at

-80�. Before use, supernatants were diluted with 10x MEM (Sigma-Aldrich) to obtain immature

or mature MoDC supernatant medium.

3.5.9 MLR

Puri�ed human, untouched CD3+ T cells were labeled with Vybrant CFDA-succinimidyl ester

(Molecular Probes, Thermo Fisher Scienti�c), according to the manufacturer's protocol. Three

replicates of 4x105-labeled T cells were seeded in 0.1 ml MoDC supernatant in 96-well plates.

Subsequently, 2x105 MoDCs in 0.1 ml MoDC supernatant were added and incubated for 4 d at

37�. T cell proliferation was analyzed by means of CFDA dilution on an LSRII �ow cytometer

(BD Biosciences).

3.5.10 Determining CCR7 glycosylation by metabolic labeling

The synthesis of Ac4ManNCyoc, Ac4GalNCyoc, or Ac4GlcNCyoc has been described else-

where [510, 511]. Primary human PBLs or HEK293, stably expressing CCR7 or glycosyla-
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tion mutants thereof, were preincubated for 48 h with 50 µM Ac4ManNCyoc, Ac4GalNCyoc,

or Ac4GlcNCyoc and subsequently labeled with 100 µM tetrazin-biotin in the presence or ab-

sence of 5 µg/mlpuri�ed PNGaseF. Cells were lysed in 10 mM Tris-HCl, 150 mM NaCl, 2

mM MgCl2, 10% glycerol, and 0.4% N-dodecyl maltoside, supplemented with proteinase- and

phosphatase-inhibitor mix (Roche, Indianapolis, IN, USA), pH 7.5, and HA-tagged CCR7 was im-

munoprecipitated by use of anti-HA-agarose (Sigma-Aldrich). The immunoprecipitated proteins

were analyzed by Western blotting using speci�c antibodies. Alternatively, CCR7 sialylation

was visualized by metabolic labeling and proximity ligation using reagents from the Duolink

PLA (Sigma-Aldrich), following the manufacturer's instructions. In brief, Ac4ManNCyoc and

tetrazin-biotin-labeled cells were �xed in 4% formaldehyde on microscopy glass slides. Cells

were subsequently blocked in 3% BSA, washed, and incubated in primary CCR7, and biotin

antibody diluted 1:50 in donkey serum for 2 h. Slides were washed, and secondary antibodies,

harboring short nucleotide sequences, diluted 1:5 in antibody diluent, were added for 1 h at 37�.

Oligonucleotides were ligated at 37�, and rolling circle PCR with �uorescent nucleotides was

performed for 2 h. Slides were washed and mounted. PLA was visualized on a Leica TCS SP5

II laser-scanning confocal microscope using a 633/1.4 NA oil-immersion objective (Leica). 3D

reconstitution was performed by Imaris using confocal images of 0.13 µm thickness.

3.5.11 Chemokine-mediated ERK1/2 activation

PBLs (1x106) or HEK293 cells expressing CCR7 mutants were starved for 2 h with medium

containing 0.5% serum before they were stimulated with 0.5 µg/ml CCL19, CCL21, or soluble

CCL21. Cells were subsequently lysed in 50 mM Tris-HCl, pH 7.4, 1% Nonidet P-40, 10 mM

EDTA, 100 mM NaCl, 0.1% SDS, 1 mM Na3VO4, 1 mM NaF, and a proteinase and phosphatase

inhibitor mixture (Roche). Cell lysates were resolved, and SDS-PAGE and Western blot analysis

were performed using indicated antibodies.

3.5.12 Homology modeling of CCR7 in unoccupied, inverse, agonist-bound, and fully acti-

vated state

The solved structure of the CXCR1:CXCL8 complex (PDB 1ILP) was aligned with the coor-

dinates of CCL21 and CCL19 NMR structure (PDB 2L4N; 2MP1). The CXCR1 N terminus

was used as a template; the amino acids were aligned with CCR7, and the PyMOL mutagenesis

plug-in was used to generate a CCR7:CCL21 model. The sequences of human CCR7 and the

b2-adrenergic receptor were aligned. The structure of the β2-adrenergic receptor in the unoc-

cupied (PDB 4LDE/blue), inverse, agonist-bound (PDB 2RH1/red), and fully activated (PDB

3SN6/green) state was used as a template to create a CCR7 model using the PyMOL mutagen-

esis plug-in. The glycosylated N terminus and ECL3 were extracted from the rhodopsin crystal

structure (PDB 3CAP) and �tted into the CXCR4:vMIP-II structure (PDB 4RWS) and the
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CCR7 model in di�erent states. The alignment of CXCR4, occupied by a di�erent antagonist,

was compiled using PyMOL and solved crystal structures (PDB 4RWS, 3ODU, 3OE0). The

models were manually re�ned by iteratively removing bad residue pairing using chimera [529].

3.5.13 Statistical evaluation

Signi�cant di�erences between groups were assessed using ANOVA, with a Tukey or a Dunnett

post-test using GraphPad Prism 6. Signi�cance values are indicated in �gure legends.
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4.1 Abstract

E�cient T cell priming is key for the initiation of an adaptive immune response. Activation of

T cells depends on 2 signals, TCR-triggering by cognate antigen presented on pMHC molecules

on professional APCs, and a second signal provided by costimulatory molecules. The chemokine

receptor CCR7 is well-described to contribute to the initiation of adaptive immunity by guiding

T cells and APCs to secondary lymphoid organs and positioning them within the appropriate

microenvironment for T cell activation. In this article, we demonstrate that in addition to its

function in regulating the spatiotemporal encounter of T cells and APCs, CCR7 is a potent

costimulatory factor in T cell activation. We are the �rst to show the association of CCR7

and the TCR after CCR7- or TCR-stimulation alone. This association was increased after

costimulation, and colocalization of CCR7 and the TCR was observed in sub-synaptic vesicles.

Moreover, we show the recruitment and activation of ZAP70 tyrosine kinase to CCR7 after ligand

binding. In addition, we demonstrate that TCR and CCR7 costimulation results in increased

and prolonged ZAP70 kinase activity, in comparison to TCR stimulation alone. This might

contribute to T cell costimulation. In addition, via ZAP70-dependent pathways, CCR7 mediates

LFA-1 valency regulation. This might contribute to e�cient T cell priming by stabilizing T

cell- APC interactions, allowing e�cient T cell stimulation. Finally, our �ndings demonstrate,

that CCR7 crosstalks to TCR signaling via ZAP70 tyrosine kinase to modulate T cell activation.

Costimulation during T cell priming by CCR7 ligands, present in secondary lymphoid organs,

might contribute to e�cient activation of T cells within the proper environment to mount an

adequate adaptive immune response.
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4.2 Introduction

The chemokine receptor CCR7 and its two ligands, the homeostatic chemokines CCL19 and

CCL21, are key for the initiation and maintenance of adaptive immune responses. The main

sources of CCL19 and CCL21 are �broblastic reticular cells (FRCs) in the T cell zone of lymph

nodes [126] and CCL19 is additionally produced in small amounts by mature DCs [143]. Outside

of secondary lymphoid organs, CCL21 is produced by lymphatic endothelial cells [103]. Our

knowledge of the molecular events initiated by CCR7-ligand binding is still incomplete (reviewed

in [124]). The best studied function of CCR7 is homing of mature DCs via a�erent lymphatic

vessels and of T cells via high endothelial venules (HEVs) to T cell areas of lymphoid tissues,

where T cell priming occurs [108, 121]. Homing of T cells via HEVs occurs via three sequential

steps. First, rolling of T cells, mediated by selectins, increases the encounter of T cells with

chemokines, e.g. CCL21 that is present on the luminal surface of HEVs. Stimulation of the

chemokine receptor CCR7 by its ligand induces signaling pathways initiating �rm arrest of T

cells on HEVs [113], mediated by binding of LFA-1 (αLβ2, CD11a/CD18) to its ligand ICAM-1,

followed by diapedesis [530, 531]. Once T cells entered lymph nodes, they follow the network

of FRCs that have immobilized CCL21 and LFA-1 ligands on their surface [355, 532], providing

guidance for T cells to e�ciently scan DCs [151, 531]. DCs themselves have immobilized CCL21

and ICAM-1 on their surface [360, 532, 533], facilitating scanning of DCs by T cells. Moreover,

there is evidence that CCL19 and CCL21 within lymph nodes, mediate an e�cient migration

behavior and priming of T cells even in the absence of gradients [117, 118, 143, 534]. In addition

to guiding T cells and mature DCs to the right place to increase the probability of T cells to

encounter rare cognate antigens, CCR7 and its ligands also play supplementary roles in T cell

activation. A crosstalk between CCR7 and the TCR was described in both directions: On one

hand, TCR-engagement results in modi�ed CCR7 signaling, as the migratory response towards

CCR7 ligands is linked to the activation status of T cells [364]. On the other hand, CCR7

signaling also modi�es TCR signaling by acting costimulatory in T cell priming [367, 368, 535]

in mice. The molecular mechanism how CCR7 mediates this costimulatory activity is not clear

today. Based on the role of CCR7 ligands in �rm arrest mediated by LFA-1 on T cells to ICAMs

on HEVs, we speculate that the costimulatory activity of CCR7 is mediated by regulation of

adhesion of naive T cells to APCs, that have immobilized CCR7 ligands and ICAM-1 on their

surface, inducing CCR7 signaling to the integrin LFA-1 in T cells.

When a T cell encounters its cognate antigen on pMHC of an APC a zone of contact between

the T cell and the APC is formed, the so called immunological synapse. The classical model

of the immunological synapse is the bull's eye model [320]. Here, the immunological synapse

is structured in supramolecular activation clusters (SMACs) with the TCR-rich central SMAC

(cSMAC), the LFA-1 rich peripheral SMAC (pSMAC) and the actin and CD45 rich distal SMAC

(dSMAC) [320]. Notably, this classical model of the immune synapse is derived mainly from
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studies of synapses between T cells and antigen loaded B cells. Immune synapses formed between

T cells and DCs are more complex, and result in the formation of multiple cSMAC like structures

[320]. For the formation of a stable immunological synapse integrins, most prominently LFA-1 on

T cells [291, 374, 536�539] and its ligand, ICAM-1 on DCs [533], are of great importance. LFA-1

is exclusively expressed on leukocytes and is one of the major integrins expressed on T cells [540].

The total adhesive strength (avidity) of integrins, e.g. of LFA-1 to its ligand ICAM-1, can be

regulated by two mechanisms, ligand binding a�nity (conformation) and clustering (valency)

[372, 374, 541]. In addition, integrins can signal in two directions, �outside-in� and �inside-out�

[372]. On T cells integrin �inside-out� signaling can be initiated by chemokine receptor and T cell

receptor signaling pathways [372, 537, 542�544]. As mentioned above, LFA-1 mediated cell-cell

interactions are critical for proper T cell di�erentiation and proliferation [545]. Moreover, LFA-1

signaling is shown to costimulate T cell activation by increasing the sensitivity of T cells to

their cognate antigen [546]. In presence of LFA-1 �outside-in� signaling, 100 times less antigen is

required for T cell activation, in comparison to T cell activation in absence of LFA-1 signals [547].

LFA-1-ICAM-1 interaction in contact zones of T cells and APCs might stabilize and prolong the

interaction, increase the area of cell-cell contact and thus might facilitate antigen recognition

and signaling in the immune synapse [374] Interestingly, CCR7 was shown to mediate �inside-

out� signaling to induce clustering and a�nity regulation of LFA-1 also in absence of shear �ow

[115, 389]. Thus, it is tempting to speculate that CCR7 �inside-out� signaling to LFA-1, initiated

by CCL21 on the surface of the DC, impacts the formation of a stable immunological synapse.

Zeta associated protein of 70kDa (ZAP70) is a protein tyrosine kinase that associates with

phosphorylated tyrosines in immunoreceptor tyrosine activating motifs (ITAMs) of the TCR

CD3ζ chain [548�550]. Thus, ZAP70 is one of the most-upstream elements of TCR signaling

and is crucial for T cell development and function (reviewed in: [313]). Besides its role in

T cell activation, ZAP70 is described to be involved in integrin �outside-in� and �inside-out�

signaling. Evans et al. showed that ZAP70 is constantly associated with the integrin LFA-1 [551].

Moreover, they demonstrate that LFA-1 binding to its ligand ICAM-1 results in phosphorylation

of ZAP70 by Lck and blocking of ZAP70 function could block LFA-1 �outside-in� signaling [551].

Additionally, a role for ZAP70 in LFA-1 �inside-out� signaling was shown downstream of the

chemokine receptor CXCR4. Here, ZAP70 regulates the binding of talin to β1 integrins, via

binding to and phosphorylation of the Rac/Rho GEF Vav1, resulting in dissociation of the

Vav1-talin complex and talin association to β1 integrins. This leads to chemokine-dependent

activation of the integrin VLA-4 [245, 552, 553]. In addition, Vav1 was described to control

integrin clustering and cell adhesion mediated by LFA-1, essential for the e�ective formation of

T cell/APC conjugates [243, 554]. As Vav1 de�cient T cells showed less adhesion to immobilized

ICAM-1 in response to TCR trigger, but adhere normal in response to magnesium, Vav1 is

supposed to be required for TCR induced �inside-out� signaling but not to be involved in LFA-1

�outside-in� signaling [554].
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We show for the �rst time the interaction between CCR7 and the TCR CD3ζ chain, and the

recruitment of the tyrosine kinase ZAP70 to CCR7. Moreover, in human primary T cells, we

observe a costimulatory e�ect of CCR7 ligands, resulting in increased CD69 surface expression

and enhanced IL-2 production. Costimulation by CCR7 might be mediated in two ways: First,

the costimulatory e�ect might be mediated by CCR7-LFA-1 signaling. Downstream of CCR7

we show an interaction between ZAP70 and Vav1 at focal adhesions, depending on ZAP70

Y315. Interestingly, we could show a role for ZAP70, working as adaptor protein and not as

tyrosine kinase, in CCR7 mediated integrin �inside-out� signaling that is required for normal T-

cell function. Second, prolonged activation of ZAP70 tyrosine kinase activity after costimulation

of the TCR and CCR7 could enhance T cell activation. Altogether, our �ndings show that

CCR7-TCR crosstalk and ZAP70-mediated LFA-1 �inside-out� signaling downstream of CCR7

both contribute to a normal T cell function, which is essential for an e�ective adaptive immune

response.

4.3 Results

4.3.1 CCR7 acts costimulatory in T cell activation and is localized at the immunological

synapse

CCR7 acts as costimulatory molecule in mouse [367, 368, 370, 535], but it is not clear whether this

also applies to humans. To test this, we measured CD69 surface expression and IL-2 production,

after CCR7 and TCR costimulation, compared to TCR stimulation alone. Indeed, we observed

a costimulatory e�ect of CCR7 in T cell activation in the human system. For CD69 surface

expression, we found that, CCR7 and TCR costimulation leads to an increased CD69 surface

expression and in total more CD69 positive cells, compared to TCR stimulation alone (Figure

4.1A and Supplementary Figure 4.S1 B and C). Stimulation with CCR7 ligands did not induce

increased CD69 surface expression (Figure 4.1 A). In line with this, we observed an increased

IL-2 production after co-stimulation, compared to TCR stimulation alone (Figure 4.1 B and

supplementary Figure 4.S1 D). CCL19 or CCL21 stimulation alone did not lead to increased IL-

2 production (supplementary Figure 4.1 D). Remarkably, for both, CD69 surface expression and

IL-2 production the e�ect of CCL21 costimulation was higher, compared to CCL19 costimulation.

In a next step, we asked, whether TCR costimulation with CCR7 ligands lowers the threshold

for T cell activation in the human system, as it was shown to do so in the murine system [367].
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Figure 4.1: CCR7 acts costimulatory in T cell priming and is localized at the immunological
synapse. (A) Quanti�cation of CD69 surface expression by �ow cytometry of primary human PBLs
stimulated for 20h with indicated stimuli. Mean ± SEM of four independent donors. (B) Intracellular
IL-2 staining of primary human PBLs stimulated with 0,5µg/ml chemokine and anti-CD3/CD28 beads
or anti-CD3/CD28 beads alone for the indicated time points. Fluorescence was assessed using �ow
cytometry. Mean ± SEM of four independent donors. continued on following page
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continued from preceding page (C/D) Deconvoluted 3D reconstructions of 3B11 CCR7-YFP T hybridoma
unstimulated or stimulated with 0,5µg/ml chemokine and LK35.2 B cells untreated (C) or loaded with
HEL peptide (D). Scale bar, 3µm. (E) Quanti�cation of CCR7-YFP �uorescence in circular sectors across
3B11 CCR7-YFP cells. Analysis of 10 cells of one experiment out of three independent experiments; scale
bar, 3µm.

Thus, we did suboptimal stimulation of the TCR of primary human PBLs with and without

costimulation of CCR7 and analyzed CD69 surface expression (supplementary Figure 4.S1 A).

CCR7 stimulation together with suboptimal TCR costimulation does not lead to increased T

cell activation, compared to suboptimal TCR stimulation alone, implying that CCR7 stimulation

does not lower the threshold for T cell activation in the human system, but rather primes T cells to

become stronger activated in presence of optimal TCR stimulus. The costimulatory role of CCR7

in T cell priming leads to the question of CCR7 localization during T cell activation. To address

this question, we used the well-described T cell-APC pair of 3B11 T hybridoma and LK35.2

B lymphoma cells to present the HEL peptide to the TCR of 3B11 cells [555]. We generated

3B11 cells expressing CCR7-YFP and analyzed the localization of CCR7 after di�erent stimuli

(Figure 4.1 C and D). In steady state CCR7-YFP was evenly distributed on the cell surface and

an intracellular pool of CCR7 was observed. After stimulation with CCR7 ligands most CCR7

was internalized (Figure 4.1 C). Interestingly, after formation of an immune synapse, in contrary

to what was described by Molon et al. [556], CCR7 was present at the membrane, also within the

immune synapse, and a small portion was present in sub-synaptic vesicles. After costimulation

of CCR7 and the TCR, CCR7 was primarily present in sub-synaptic vesicles (Figure 4.1 D and

E).

4.3.2 CCR7 associates with the CD3ζ chain

To further investigate the crosstalk between CCR7 and the TCR, we used our T cell-APC model

to investigate the colocalization between CCR7 and CD3. A small pool of CCR7 already colocal-

ized with CD3 at steady state. An increase in colocalization, mainly occurring at intracellular

vesicles, was observed after stimulation with CCR7 ligands (Figure 4.2 A). This is in accordance

to what was described by Kumar et al. for CXCR4 colocalization with CD3 [557]. Colocaliza-

tion between CCR7 and CD3 increased when an immune synapse with HEL loaded B cells was

formed. Impressively, colocalization between CCR7 and the TCR increased even more, when an

immune synapse was formed in the presence of CCR7 ligands (Figure 4.2 A) and colocalization

under these conditions was mainly found at sub-synaptic vesicles. To con�rm the interaction of

CCR7 and CD3 in primary cells expressing endogenous CCR7 and CD3, we used the proximity

ligation assay (PLA) technique. We obtained a PLA signal in unstimulated cells, as well as after

CCR7 stimulation (Figure 4.2 B).

In addition, we analyzed the interaction between CCR7 and CD3 using the YFP-bimolecular

�uorescence complementation (BiFC) system [465, 558]. To establish this system, we analyzed
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Figure 4.S1: CCR7 acts costimulatory in T cell activation in presence of optimal TCR
stimulation. (A) Quanti�cation of CD69 surface expression of primary human PBLs stimulated with
optimal anti-CD3/CD28 beads or anti-CD3/CD28 beads loaded with diluted anti-CD3 and anti-CD28
antibodies (1:100 or 1:1000) in combination with chemokine stimulation (0,5µg/ml). Mean ± SEM for
triplicates of one donor out of three. (B,C) Quanti�cation of CD69 surface expression by �ow cytometry
of primary human PBLs stimulated for 20h with indicated stimuli. Y-axis shows % CD69-positive cells
(B) or mean PE �uorescence of the whole population (C). Mean ± SEM of triplicates of one donor out
of three. (D) Quanti�cation of IL-2 mRNA in primary human PBLs after 24h stimulation as indicated.
Mean and individual values of six donors.

YFP-BiFC of CXCR4 and CD3ζ C-terminally linked with a short �exible linker to the non-

�uorescent split YFP1 and YFP2, respectively. The two non-�uorescent split YFPs are able to

reconstitute �uorescent YFP when the two halves are in close proximity [465, 558]. In line with

the �ndings of Kumar et al. CXCR4-CD3ζ interaction, manifested by YFP-�uorescence, was

mainly observed on intracellular vesicles [557] (supplementary Figure 4.S2 A and B). To test

whether the observed YFP signal represents a speci�c interaction, we used the GABA receptor

Gat1 C-terminally linked to YFP1. Here, no YFP complementation with CD3ζ-YFP2 occurred

(supplementary Figure 4.S2 B). Having set-up this system, we analyzed YFP reconstitution

between CCR7-YFP1 and CD3ζ-YFP2 in unstimulated cells and after stimulation with CCL19

or CCL21 using confocal microscopy (Figure 4.2 C) and �ow cytometry (Figure 4.2 D). YFP

complementation occurred at steady state and after CCR7 stimulation in intracellular vesicles.

In �ow cytometry, a signi�cant increase in YFP-�uorescence after CCR7 triggering was observed

(Figure 4.2 C and D). In summary, we showed the interaction of CCR7 and CD3, that is increased

after CCR7 or TCR stimulation alone and after CCR7 and TCR costimulation.
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Figure 4.2: CCR7 forms a heteromer with CD3ζ. (A) Quanti�cation of colocalization (Pearson`s
coe�cient) between CCR7 and CD3 in 3B11 CCR7-YFP T hybridomas after chemokine stimulation
(0,5µg/ml) alone or in combination with immune synapse formation with HEL-loaded LK35.2 cells. Mean
± SEM of 15 cells of one of three independent experiments; scale bars, 7,5µm. (B) Immune �uorescence
of CCR7-CD3ζ interaction in primary human PBLs assessed by PLA. One experiment out of three;
scale bars, 10µm. (C) Confocal images of CCR7-CD3ζ interaction determined by YFP-BiFC in HEK293
transfectants upon stimulation with 0,5µg/ml chemokine. One experiment out of three; scale bars, 10µm.
(D) Quanti�cation of CCR7-CD3 ζ interaction by YFP-BiFC and �ow cytometry. Mean ± SEM of three
experiments.

4.3.3 ZAP70 is recruited to CCR7 and ZAP70 kinase is activated

ZAP70 is one of the earliest activated signaling molecules upon TCR engagement. Moreover,

we identi�ed ZAP70 in a screen for SH2 domains binding tyrosine phosphorylated CCR7 [192].

In this screen, both SH2 domains of ZAP70 were found as potential interaction partners of

phosphorylated CCR7. To con�rm these hits, we used PLA technique in primary human PBLs

using speci�c antibodies against endogenous ZAP70 and CCR7. Here, we observed a chemokine-

induced recruitment of ZAP70 to CCR7 (Figure 4.3 A and B). In our T cell-APC system, we

saw colocalization of CCR7 and ZAP70. Colocalization increased after stimulation of CCR7

or TCR alone, in comparison to steady state. Costimulation did not lead to further increase

in colocalization (Figure 4.3 D and supplementary Figure 4.S3 D). Based on these �ndings,
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Figure 4.S2: CXCR4 forms a heteromer with CD3ζ. (A) Confocal images of CXCR4-CD3ζ
interaction in HEK293 transfectants upon stimulation with 0,125µg/ml CXCL23. One experiment out of
three; scale bars, 10µm. (D) Quanti�cation of CCR7-CD3ζ interaction by YFP-BiFC and �ow cytometry.
Mean ± SEM of three experiments.

we hypothesized, that CCR7 stimulation might activates ZAP70 tyrosine kinase. To test this,

we used the FRET based biosensor ROZA-XL, a reporter for ZAP70 tyrosine kinase activity

[559]. Interestingly, CCR7 stimulation alone resulted in increased tyrosine kinase activity, with a

maximum at 15 min, returning to steady state levels after 30min of stimulation (Figure 4.3 C). As

a control, we used the ROZA-XL YF construct, where the tyrosines that become phosphorylated

by ZAP70 are mutated to phenylalanine. Here, we could not measure an increase in FRET

e�ciency after CCR7 stimulation (supplementary Figure 4.S3 A). Interestingly, stimulation of

the TCR showed a di�erent kinetic for ZAP70 tyrosine kinase activity with a maximum FRET

e�ciency after 5 min of stimulation, retuning to basal levels after 30min (Figure 4.3 A). For

costimulation of the TCR and CCR7 we observed a signi�cantly increased ZPA70 kinase activity

for CCL21 and a signi�cantly prolonged ZAP70 tyrosine kinase activity for both chemokines,

CCL19 and CCL21 (Figure 4.3 A). This stronger and prolonged activation of the tyrosine kinase

activity of ZAP70, which is one of the most upstream elements of TCR signaling, might explain

the costimulatory e�ect of CCR7 on T cell activation.

4.3.4 Src kinase mediates ZAP70-recruitment to CCR7 Y155

To generate a system that allows us to further characterize the interaction between CCR7 and

ZAP70 we tested whether we can use the previously described YFP-BiFC system. For this

we C-terminally tagged ZAP70 with YFP1 and investigated the interaction with CCR7-YFP2.

YFP-complementation occurred at the plasma membrane and at vesicular structures after CCR7

triggering (Figure 4.3 E). As negative control, we tested YFP reconstitution between ZAP70-

YFP1 and an empty vector containing YFP2. Here no YFP �uorescence was observed (data not

shown). In �ow cytometry, we observed a signi�cant increase in YFP �uorescence after addition
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Figure 4.3: ZAP70 is recruited to CCR7 after stimulation and ZAP70 kinase is active. (A, B)
Micrograph (A) and quanti�cation (B) of CCR7-ZAP70 interaction in primary human PBLs assessed by
PLA. Images of one donor out of three; scale bar, 10µm, quanti�cation is represented as box and whisker
plot. (C) Quanti�cation of FRET e�ciency of ROZA-XL FRET biosensor in Jurkat transfectants after
di�erent stimuli. Mean ± SEM of 10 cells per condition of one out of tree experiments. (D) Confocal
images of 3B11 CCR7-YFP T hybridoma at steady state and after stimulation with CCL21 (0,5µg/ml)
alone or after formation of immune synapses with HEL-loaded LK35.2 cells. Images of one of three
independent experiments; scale bar, 5µm. (E) Confocal images of CCR7-ZAP70 interaction determined
by YFP-BiFC in HEK293 transfectants upon stimulation with 0,5µg/ml chemokine. One experiment
out of three; scale bars, 25µm. (F) Quanti�cation of CCR7-CD3ζ interaction by YFP-BiFC and �ow
cytometry. Mean ± SEM of �ve experiments.
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Figure 4.S3: ZAP70 kinase activity after chemokine stimulation and colocalization with
CCR7. (A) Quanti�cation of FRET e�ciency of ROZA-XL-YF FRET biosensor in Jurkat transfectants
after chemokine stimulation (0,5µg/ml). Mean ± SEM of 10 cells per condition of one out of tree
experiments. (B) Quanti�cation of FRET e�ciency of ROZA-XL and ROZA-XL-YF FRET biosensor in
Jurkat transfectants after chemokine stimulation (CXCL12, 0,125µg/ml). Mean ± SEM of 10 cells per
condition of one out of tree experiments. (C) 3D reconstruction of 3B11 CCR7-YFP cells and LK35.2
B cells with and without HEL at steady state or stimulated with 0,5µg/ml CCL21. Scale bar, 3µm.
(D) Quanti�cation of colocalization of CCR7 and ZAP70 in 3B11 CCR7-YFP cells. Mean ± SEM of
tree independent experiments. (E) Deconvoluted singe z-stack and (F) 3D reconstruction of confocal
images of CCR7 and ZAP70 pY319 in 3B11 CCR7-YFP T hybridoma was analyzed before and after IS
formation with HEL-loaded LK35.2 B cells, in presence and absence of chemokines (0,5µg/ml). Images
of one experiment out of three; scale bar, 3µm.

of the chemokines (Figure 4.3 F). We now aimed to decipher the signaling pathways downstream

of CCR7 that lead to CCR7-ZAP070 interaction. CCR7 can signal in a G-protein dependent and

G-protein independent manner [60], e.g. via β-arrestins [193]. β-arrestins are not only required

for receptor desensitization, but can also act as sca�old proteins that bind to a multitude of

e�ector proteins [560]. To test whether CCR7-ZAP70 interaction depends on β-arrestins, we

used mouse embryonic �broblasts (MEFs) that are de�cient of both, β-arrestin 1 and 2, and

visualized the interaction between CCR7 and ZAP70 using YFP-BiFC. We observed that the

interaction between CCR7 and ZAP70 does not depend on β-arrestin (supplementary Figure 4.S4

A). To test whether CCR7-ZAP70 interaction depends on CCR7 G-protein mediated signaling,
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we blocked CCR7 G-protein coupling using pertussis toxin (PTX) and the CCR7-DNY mutant,

which is not able to couple to the G-protein [90], in combination with the YFP-BiFC system.

Surprisingly both, PTX treatment and CCR7-DNY mutation, led to a signi�cant increase in

YFP-complementation, already at steady state (Figure 4.4 H and I). After stimulation with

CCL19 or CCL21 YFP-�uorescence was signi�cantly increased, compared to the control (Figure

4.4 H and I and supplementary Figure 4.4 D and E). Recently, we showed that Src kinase is

constantly localized to oligomeric CCR7 and interacts directly with the receptor as well as with

trimeric G-proteins that are associated with receptor oligomers [192]. Src is auto-phosphorylated

upon CCR7 stimuli and phosphorylates tyrosine 155 of CCR7, generating a docking site for SH2

domain-containing proteins [192]. Both, PTX treatment and CCR7 DNY mutation lead to

uncoupling of Gαi from the receptor [90, 561], this might make CCR7 more accessible for Src

kinase, explaining the increase in CCR7-ZAP70 interaction we observed. To test whether the

interaction between CCR7 and ZAP70 depends on Src kinase we used the Src kinase inhibitor PP2

and overexpressed a mutant Src that has no kinase activity (SrcKD). Both approaches resulted in

a reduction of interaction between CCR7 and ZAP70 at steady state and after CCR7 stimulation

(Figure 4.4 A-D). The main tyrosine that is phosphorylated by Src kinase is tyrosine 155 of CCR7

and it was reported that this tyrosine residue can act as docking site for SH2 domain-containing

proteins [192]. We used the CCR7 Y155F mutant to investigate whether tyrosine phosphorylation

of this residue is essential for CCR7-ZAP70 interaction. Y155F mutation resulted in a partial

reduction of the YFP �uorescence signal (Figure 4.4 F and G), indicating that the interaction

does partially depend on phosphorylation of this residue. As described above, for CCR7 it is

shown that oligomerization is required for Src activation. On one hand a CCR7 mutant that does

no longer oligomerize (CCR7 A315G) does no longer show Src autophosphorylation at tyrosine

416 on the other hand a CCR7 mutant that is a superoligomerizer (V317I) shows stronger Src

activation after CCR7 chemokine binding [192]. We investigated whether CCR7 oligomerization

and possibly its consequences on Src activation also in�uence chemokine-induced interaction

of CCR7 with ZAP70 using the YFP-BiFC system. The CCR7 super-oligomerization mutant

(CCR7 V317I) shows a signi�cantly increased YFP-complementation between CCR7 and ZAP70.

And the CCR7 oligomerization mutant (CCR7 A315G) sowed a decreased YFP-reconstitution

already at the steady state but also a signi�cant reduction after chemokine stimulation, compared

to CCR7 wildtype (Figure 4.4 J). To sum up, we have shown that CCR7 and ZAP70 interact after

chemokine stimulation. This depends on Src kinase but not on β-arrestin. Blocking of CCR7

G-protein coupling increases CCR7-ZAP70 interaction as well as the CCR7 superoligomerization

mutant. Moreover, our data suggest that ZAP70 might not only interacts with Y155 of CCR7, as

we still see an interaction, although less, with the CCR7 Y155F mutant. Hauser et al. describe

that the CCR7 Y155F mutant is still tyrosine phosphorylated, although less than wildtype CCR7,

after CCR7 stimulation [192], thus, ZAP70 might interacts with a di�erent tyrosine of CCR7.
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Figure 4.4: ZAP70 recruitment to CCR7 is dependent on Src kinase. (A-C) Confocal images
of ZAP70 recruitment to CCR7 determined by YFP-BiFC in HEK293 transfectants upon chemokine
stimulation (0,5µg/ml) with PP2 pre-treatment (B) or cotransfection of SrcKD. Images of one of three
independent experiments; scale bars, 25µm. (D, E) Quanti�cation of CCR7-ZAP70 interaction by YFP-
BiFC and �ow cytometry with PP2 treatment (D) or cotransfection of SrcKD (E). Mean ± SEM of
three (E) or four (D) independent experiments (F, G) Quanti�cation of CCR7-ZAP70 (F) and CCR7-
Y155F-ZAP70 (G) interaction by YFP-BiFC and �ow cytometry. Mean ± SEM of three independent
experiments. (H, I) Quanti�cation of CCR7-ZAP70 interaction after pertussis toxin treatment (H) or
CCR7-DNY overexpression (I) assessed by YFP-BiFC and �ow cytometry in HEK293 transfectants.
Mean ± SEM of three independent experiments. (J) Quanti�cation of CCR7 WT, CCR7-V317I, or
CCR7-A315G-ZAP70 interactions by YFP-BiFC and �ow cytometry. Mean ± SEM of four independent
experiments.
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Figure 4.S4: ZAP70 recruitment to CCR7 is partially dependent on CCR7 Y155 and is
in�uenced by CCR7 G-protein coupling. (A, B) Confocal images of CCR7-ZAP70 (A) or CCR7-
Y155F-ZAP70 (B) interaction determined by YFP-BiFC in HEK293 transfectants upon chemokine stim-
ulation (0,5µg/ml). Images of one out of three independent experiments; scale bar, 25µm. continued on

following page
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continued from preceding page (D, E) Confocal images of CCR7-ZAP70 interaction after pertussis toxin
treatment (D) or CCR7-DNY-ZAP70 interaction determined by YFP-BiFC in HEK293 transfectants
after chemokine stimulation (0,5µg/ml). Images of one out of three independent experiments; scale bar,
25µm. (E, F) Quanti�cation of interaction between CCR7 and ZAP70 after pertussis toxin treatment
(E) and interaction between CCR7-DNY and ZAP70 (F) via YFP-BiFC and �ow cytometry. Mean ±
SEM of three independent experiments.

4.3.5 CCR7 stimulation initiates Vav1 interaction with ZAP70 Y315 and translocation of

the ZAP70-Vav1 complex to focal adhesions

We now investigated further roles of ZAP70 downstream of CCR7 and looked at the interac-

tion of ZAP70 and the DBL family Rho GEF Vav1, a known interaction partner of ZAP70

[253]. In primary human PBLs, using speci�c antibodies against Vav1 and ZAP70 in PLA, we

observed a CCR7 stimulation-dependent interaction of Vav1 and ZAP70 (Figure 4.5 A and B).

Interestingly, when we investigated this interaction using the YFP-BiFC system, we observed

YFP-complementation after short time chemokine-stimulation at vesicular structures, but after

longer stimulation times, we observed YFP-�uorescence at foal adhesions, colocalizing with the

focal adhesion marker vinculin (Figure 4.5 D). The same localization was observed when using

Vav1-mCherry and ZAP70-GFP, excluding that this is a�ected by the YFP-BiFC system (Figure

4.5 C). In addition, measuring YFP-BiFC in �ow cytometry, we observed a chemokine-dependent

signi�cant increase in interaction between ZAP70 and Vav1 (Figure 4.5 E). Interestingly, we also

found localization of ZAP70 and Vav1 to focal adhesions after stimulation of the chemokine

receptor CXCR4, but not after EGFR stimulation (supplementary Figure 4.S6 A and B), indi-

cating that this might be a chemokine receptor speci�c e�ect. To investigate whether CCR7

is contained in the ZAP70:Vav1 complex in vesicular structures we used HEK293 cells stably

expressing CCR7-HA and stained for HA-tag in combination with YFP-BiFC between ZAP70

and Vav1. For early time points of stimulation (5min) there is a partial colocalization of the

ZAP70:Vav1 complex and CCR7-HA (supplementary Figure 4.S5 D). For late time points of

stimulation (30min, 1h) there is no co-localization of the ZAP70:Vav1 complex and CCR7-HA.

We next wanted to investigate whether CCR7-dependent interaction of ZAP70 and Vav1 depends

on phosphorylation of Y315 of ZAP70, as it is described in the literature [253, 313, 562]. For this

we analyzed the interaction between ZAP70-Y315F mutant and Vav1 using YFP-BiFC and CoIP.

Using the ZAP70 Y315F mutant we did not see a signi�cant increase in YFP-complementation

after CCR7 stimulation (Figure 4.5 F and supplementary Figure 4.S5 H) and a reduced CoIP of

ZAP70-Y315 and Vav1, compared to ZAP70 wildtype (data not shown). Next, we investigated

whether the interaction between ZAP70 and Vav1 downstream of CCR7 depends on Src kinase.

Both, PP2 treatment or overexpression of SrcKD abolished the interaction between ZAP70 and

Vav1 downstream of CCR7 (Figure 4.5 G and H and supplementary Figure 4.S5 A-C). Recently,

we found that Src and β-arrestin interact at vesicular structures after CCR7 stimulus (chapter 2
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Figure 4.5: Vav1 and ZAP70 are recruited to focal adhesions after CCR7 triggering. (A, B)
Micrograph (A) and quanti�cation (B) of Vav1-ZAP70 interaction in primary human PBLs assessed by
PLA. Images of one donor out of three; scale bar, 10µm, quanti�cation is represented as box and whisker
plot. (C) Confocal images of colocalization between Vav1-mCherry and ZAP70-GFP in HEK293 trans-
fectants upon chemokine stimulation (0,5µg/ml). Images of one out of three independent experiments;
scale bar, 25µm. (D, E) Confocal images (D) and quanti�cation via �ow cytometry (E) of ZAP70-Vav1
interaction determined by YFP-BiFC in HEK293 transfectants upon chemokine stimulation (0,5µg/ml).
Images of one experiment out of three independent experiments; scale bar, 25µm (D). Mean ± SEM
of �ve independent experiments (E). (F) Quanti�cation of ZAP70-Y315F and Vav1 interaction by YFP-
BiFC and �ow cytometry. Mean ± SEM of three independent experiments. (G, H) Quanti�cation of
ZAP70-Vav1 interaction assessed by YFP-BiFC and �ow cytometry after PP2 treatment (G) or SrcKD
cotransfection (H). Mean ± SEM of three (H) or four (G) independent experiments.
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on page 37). Thus, we tested whether β-arrestin is also required for localization of Src to vesic-

ular structures to induce the interaction between ZAP70 and Vav1. For this, we used again the

β-arrestin1 and 2 double-de�cient MEFs. No di�erence for the interaction of ZAP70 and Vav1

in the double-de�cient MEFs compared to wildtype MEFs was observed (supplementary Figure

4.S5 E). In the following, we tested whether CCR7 G-protein coupling is a prerequisite for down-

stream ZAP70:Vav1 interaction. Using pertussis toxin treatment or the CCR7 DNY mutant, we

observed less increase of YFP-�uorescence after CCR7 stimulation, indicating that it partially

depends on CCR7 G-protein coupling (supplementary Figure 4.S5 F and H). In summary, we

have shown that CCR7 stimulation initiates the interaction between ZAP70 and Vav1. The

complex of ZAP70 and Vav1 localizes to vesicular structures for early timepoints of stimulation

and for later timepoints of CCR7-triggering to focal adhesions. The interaction of ZAP70 and

Vav1 is dependent on Src kinase and the tyrosine 315 of ZAP70, implying that ZAP70 becomes

phosphorylated after CCR7 ligand binding.
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Figure 4.S5: ZAP70-Vav1 interaction downstream of CCR7 is dependent on Src kinase and
ZAP70 Y315F. (A-C) Confocal images of ZAP70-Vav1 interaction determined by YFP-BiFC of HEK293
transfectants upon chemokine stimulation (0,5µg/ml) with PP2 treatment (B) or SrcKD overexpression
(C). One image out of three independent experiments; scale bars, 25µm.continued on following page
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continued from preceding page (D) Confocal images of Vav1-ZAP70-complex colocalization with CCR7-
HA in HEK293 CCR7 HA transfectants after indicated timepoints of chemokine stimulation (0,5µg/ml).
One image out of three independent experiments. (E) Confocal images of Vav1-ZAP70 interaction as-
sessed by YFP-BiFC in transiently transfected wildtype MEFs or β-arrestin 1+2-/- MEFs upon chemokine
stimulation (0,5µg/ml). Images of one of three independent experiments; scale bars, 25µm. (F, G) Quan-
ti�cation of Vav1-ZAP70 interaction assessed by YFP-BiFC and �ow cytometry with cotransfection of
CCR7-DNY (F) or pertussis toxin treatment (G). Mean ± SEM of three independent experiments. (H)
Confocal images of interaction of Vav1 and ZAP70-Y315F determined by YFP-BiFC of HEK293 trans-
fectants after chemokine stimulation (0,5µg/ml). Images of one out of three independent experiments.

4.3.6 ZAP70 in CCR7-mediated LFA-1 avidity regulation and adhesion to ICAM-1

From the localization of the ZAP70-Vav1 complex at focal adhesions after chemokine receptor

stimulation we concluded that ZAP70 and Vav1 might play a role in chemokine-mediated �inside-

out� signaling to integrins. Thus, we investigated the role of Vav1 and ZAP70 on �inside-out�

signaling of the chemokine receptor CCR7 on the integrin LFA-1. First, we tested whether

Vav1 also is involved in CCR7-mediated �inside-out� signaling to LFA-1. No di�erence was

observed in a�nity or valency regulation of LFA-1 after CCR7 stimulation in Vav1 de�cient

J.Vav1 cells or J.Vav1 Vav1-YFP rescue cells (data not shown). Next, we used the Jurkat P116

cell line which is de�cient of ZAP70-expression and compared them to Jurkat P116 ZAP70-

GFP rescue cells (supplementary Figure 4.S6 F). Initially we compared the cell lines surface

expression of the two subunits of the integrin LFA-1, CD11a and CD18. The cell lines showed

similar expression levels (Supplementary Figure 4.S6 D and E). Moreover, we also measured

surface-expression of the chemokine receptor CCR7 (Supplementary Figure 4.S6 C) and found

comparable levels on both cell lines. Interestingly, when we did an adhesion assay on immobilized

ICAM-1, we found that Jurkat P116 ZAP70 knockout cells show reduced adhesion to ICAM-1

in response to chemokine stimulation, compared to Jurkat P116 ZAP70-GFP T cells (Figure 4.6

A). To �nd out whether ZAP70 might play a role in CCR7-mediated LFA-1 a�nity regulation

downstream of CCR7 in presence and absence of ZAP70, we used the high-a�nity reporter

mAb24 [563]. We measured a signi�cant increase in mAb24 binding after chemokine stimulation

with no di�erence between ZAP70 knockout and rescue cells (Figure 4.6 B). Next, we investigated

whether ZAP70 is involved in valency regulation of LFA-1 downstream of CCR7. Therefore, we

investigated clustering of the LFA-1 α-chain (CD11a) via confocal microscopy. Time-course

experiments using Jurkat P116 ZAP70-GFP cell line revealed that LFA-1 clustering occurs after

10min of stimulation with CCL19 or CCL21 (data not shown). In line with previous �ndings

that ZAP70 is constantly associated with LFA-1 [551], we observed that ZAP70 colocalizes with

LFA-1 in steady state conditions and after CCR7 stimulation (data not shown). Interestingly, the

ZAP70 knockout Jurkat P116 cells did not show clustering of CD11a after 10min of chemokine

stimulation (Figure 4.6 C). Moreover, treatment of ZAP70-expressing Jurkat P116 ZAP7-GFP

cells with the Lck inhibitor Piceatannol abrogated CCR7-induced CD11a clustering (Figure 4.6
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D). In addition, we tested the e�ect on CCR7-mediated CD11a clustering after treatment with

the Src kinase inhibitor PP2, and did not observe CD11a clustering after chemokine stimulation

(data not shown). To test, whether ZAP70 acts as an adaptor protein in this signaling pathway,

we transfected Jurkat P116 cells with a kinase dead mutant of ZAP70 (ZAP70-K369R). Here,

we observed CD11a clustering after CCR7 stimulation (Figure 4.6 E), indicating that ZAP70 is

not working as a kinase in this process, but acts as an adaptor protein. In summary, we found

that ZAP70 is not involved in CCR7-mediated a�nity modulation of LFA-1, but is important for

chemokine-mediated valency regulation of LFA-1, where it acts as an adapter protein. Loss of

ZAP70 in T cells leads to reduced chemokine-induced adhesion on immobilized ICAM-1 implying

a role for ZAP70 in CCR7-mediated �inside-out� signaling to LFA-1.

Figure 4.6: ZAP70 is involved in CCR7-mediated �inside-out� signaling to LFA-1. (A) Ad-
hesion of Jurkat P116 and Jurkat P116 ZAP70-GFP cells on ICAM-1-FC coated plates after di�erent
stimuli. Mean ± SEM of three independent experiments. (B) Binding of the β2 high-a�nity reporter
mAb24 to Jurkat P116 and Jurkat P116 ZAP70-GFP cells after di�erent stimuli. Mean ± SEM of �ve
independent experiments. (C/D/E) Confocal images of CD11a staining of Jurkat P116 and Jurkat P116
ZAP70-GFP cells (C) or Jurkat P116 ZAP70-GFP cells pre-treated with DMSO or piceatannol (D) or
Jurat P116-ZAP70-K369R-GFP cells (E) at steady state and upon chemokine stimulation (0,5µg/ml).
Images of one out of three independent experiments; scale bar, 10µm.
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Figure 4.S6: ZAP70 and Vav1 are recruited to focal adhesions after CXCR4 stimulation,
but not after EGFR triggering. (A) Confocal images of ZAP70-Vav1 interaction determined by YFP-
BiFC in HEK293 CXCR4-HA transfectants upon chemokine stimulation (0,125µg/ml). Images of one
experiment out of three independent experiments; scale bar, 25µm. (B) Confocal images of ZAP70-Vav1
interaction assessed by YFP-BiFC in HEK293 transfectants upon EGF stimulation (50ng/ml). Images of
one out of three independent experiments; scale bar, 25µm. (C-E) Surface expression of CCR7 (C), CD11a
(D) and CD18 (E) on Jurkat P116 and Jurkat P116 ZAP70-GFP cells measured via �ow cytometry. (F)
Western blot of lysates of Jurkat P116 and Jurkat P116 ZAP70-GFP for ZAP70, β-actin used as loading
control. One experiment of three.
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4.4 Discussion

A range of factors in�uence T cell proliferation and di�erentiation after T cell priming. In addi-

tion, for proper activation of T cells, not only TCR signaling alone, which would render naive

T cells anergic [564], but also costimulatory signals e.g. via the potent costimulatory molecule

CD28 [565], are required. Moreover, the in�ammatory chemokines CCL2, CCL3 and CCL5 are

able to provide costimulatory signals to T cells and to in�uence T cell di�erentiation [4, 566, 567].

But also, homeostatic chemokines, e.g. CXCL12 were shown to act costimulatory on human T

cells [557, 568, 569]. Moreover, the homeostatic chemokines CCL19 and CCL21 are described

in murine systems to have costimulatory activity [367, 368, 535]. It is supposed that, for T

cell costimulation by chemokines, migration-independent chemokine receptor and TCR signals

are integrated for optimal T cell activation [367]. In the murine system, a more pronounced

e�ect of CCL21, and only a minor costimulatory e�ect for CCL19 was found [367]. The data we

obtained, using human primary T cells, show that CCL19 and CCL21 are also costimulatory in

T cell activation in the human system. In accordance to what is published in mice, also in the

human system, the costimulatory e�ect of CCL21 is stronger, compared to the e�ect of CCL19.

This might be explained by the high capacity of CCL21 to bind to glycosaminoglycans (GAGs)

on APCs, via it's positively charged C-terminus, which is not present in CCL19 [360]. CCL21

binding to GAGs on APCs might increases the local concentration of CCL21, leading to more

e�cient CCR7-stimulation of T cells which are in close proximity to CCL21 coated APCs. Most

of the studies mentioned above used B cells as APCs. In contrast to this, Stachowiak et al. used

murine DCs as APCs and also observed accelerated kinetics of CD69 expression and increased

antigen-speci�c T cell proliferation, when CCL21 was added to the T cell-DC conjugates [534].

In mice, it is shown that the costimulatory e�ect of CCL21 is particularly observed when sub-

optimal TCR stimulation is provided [367, 368]. In contrast to this, we did not observe a

costimulatory e�ect of CCL19 or CCL21 in the human system, when suboptimal TCR stimulus

was provided. Thus, CCR7 signaling, in our experimental system, does not lower the threshold

for T cell activation in human T cells but enhances T cell activation under optimal conditions.

During formation of T cell-APC conjugates there are two opposed signals, migratory signals of

chemokine receptors, and �stop� signals of the TCR, which must be integrated by the T cells [315,

538]. Thus, the stability and duration of the T cell-APC contact is regulated by both, TCR sig-

naling and chemokine receptor signaling [570]. It is interesting, that some chemokines might also

be produced by APCs themselves and thus APCs might in�uence T cell activation and di�erenti-

ation [570]. Molon et al. showed that during immune synapse formation the chemokine receptors

CCR5 and CXCR4 are sequestered at the immunological synapse, dependent on chemokines se-

creted by APCs [556]. Due to chemokine receptor trapping at the immunological synapse, T

cells are supposed to become insensitive to chemotactic gradients and form more stable conju-

gates, resulting in increased T cell proliferation and cytokine production [556]. For CCR7 they
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show that it is not redistributed to the immunological synapse [556]. This might be due to the

experimental system, staining CCR7 indirectly via CCL21-IgG. One further explanation might

be that in this system CCR7-ligands, especially CCL21 produced by FRCs and possibly trapped

by GAGs on DCs and presented to T cells, are missing [556]. In addition, CCL19, which is

produced by mature DCs, might also play a role in this process [143]. Our experiments demon-

strate that CCR7 is not completely sequestered in the immunological synapse, but is present at

the membrane of the immunological synapse in absence of CCR7 ligands, which is in contrast

to what is described by Molon et al. [556]. In presence of CCR7 ligands, CCR7 is localized in

sub-synaptic vesicles. Moreover, we show here, that CCR7, mainly within sub-synaptic vesicles

is in close proximity to the TCR and to ZAP70. Interestingly, Yudushkin et al. described the

presence of phosphorylated CD3ζ in sub-synaptic vesicles [571]. There is evidence emerging,

that sub-synaptic vesicles might be involved in signaling events at the immunological synapse

by two manners. On one hand, there are reports showing that they productively interact with

signaling microclusters at the immune synapse. On the other hand, it is suggested that they act

as signaling platforms themselves, but their precise role in T cell activation is not clear to date

[572].

So far, the only chemokine receptor that is described to associate with the TCR is CXCR4. After

stimulation with CXCL12, CXCR4 and the TCR heterodimerize. Interestingly, CXCR4-TCR

heterodimers are mainly observed in intracellular vesicles [557]. It is suggested that CXCR4,

in complex with the TCR utilizes pre-existing constantly phosphorylated ITAMs to signal via

several traditional TCR signaling molecules e.g. ZAP70 and SLP76, but at the same time signals

via G-proteins [557, 573, 574]. The tyrosine kinase ZAP70 is not only described to be involved

in CXCR4 signaling, but also in the signaling of the chemokine receptors CXCR3 and CCR5,

but its role in signaling is best established for CXCR4 [575�578]. Here, ZAP70 is shown to be

essential for signaling and directional migration [576, 577]. The defect in directional migration

of ZAP70-de�cient T cells might be explained by the role of ZAP70 in mediating binding of

the F-actin sca�old talin to β1 integrins to activate the integrin, downstream of CXCR4 [553].

Ticchioni et al. show a temporal phosphorylation of ZAP70 after CXCR4 stimulation with a

maximum phosphorylation after 5 minutes of stimulation, returning to basal levels after 15 min-

utes [577]. This is corresponding to what we observed using the ROZA-XL FRET biosensor.

After CXCL12 stimulation, the maximum ZAP70 kinase activity was also reached after 5 min

and basal level was reached after 30 min. Interestingly, we observed di�erent kinetics for CCR7

stimulation. Both ligands, CCL19 and CCL21 induced ZAP70 kinase activity, with a maximum

at 15 min of stimulation. Interestingly, stimulation of the TCR showed a di�erent kinetic with

a maximum ZAP70 kinase activity at 5 minutes, whereby costimulation with CCR7 ligands, es-

pecially CCL21, increased and prolonged ZAP70 kinase activity. This might be one mechanism

how CCR7 and TCR co-stimulation leads to stronger T cell activation.

In contrast to what is described for CXCR4 [557], the TCR was not required for recruitment of
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ZAP70 to ligand bound CCR7, as shown by YFP-BiFC in HEK293 cells. This indicates that

ZAP70 might directly interacts with CCR7. The interaction between CCR7 and ZAP70 was

completely dependent on Src kinase, but mutation of Y155 of CCR7, which is the main tyrosine

of CCR7 that is phosphorylated by Src [192], only partially blocked ZAP70 recruitment to CCR7.

It can be speculated that either another tyrosine of CCR7 is phosphorylated by Src when CCR7

Y155 is mutated, or ZAP70 might interact with a substrate of Src that is recruited to CCR7

after stimulation.

ZAP70 is described to be phosphorylated on tyrosines by Src kinase or Src family kinases and

by autophosphorylation [311], creating docking sites for SH2 domain containing proteins. The

phosphorylated tyrosine Y315 of ZAP70 is described to be a docking site for the Rho GEF Vav1

[253, 313, 562]. After CCR7 stimulation we observed an interaction between ZAP70 and Vav1 in

human primary T cells using PLA and in HEK293 cells using YFP-BiFC system. In accordance

to what is described in the literature, the interaction of ZAP70 and Vav1 downstream of CCR7

was dependent on ZAP70 Y315. Interestingly, the YFP-BiFC signal of the ZAP70-Vav1 complex

appeared in vesicular structures for early timepoints and only partially colocalized with CCR7.

For later timepoints the ZAP70-Vav1 complex colocalized with vinculin, an adaptor protein that

is a key regulator of focal adhesions [579]. Focal adhesions are points of integrin-dependent cell

adhesions, they link integrins to the cytoskeletal network, and are characterized by aggregation

of multiple proteins to the cytoplasmic portion of integrin α and β chains [580, 581]. Structures

resembling focal adhesions have not been described in T cells [580]. Despite that, many compo-

nents of focal adhesions e.g. vinculin and talin are expressed in T cells and structures similar to

focal adhesions might be formed in T cells during TCR-mediated �inside-out� signaling, leading

to integrin activation [580]. For the formation of stable T cell-APC conjugates in response to

TCR signaling, clustering of integrins is essential [542, 570] and Vav1 is described to be a key

mediator in this process [243]. The tyrosine kinase ZAP70 is upstream of Vav1 in TCR-signaling

to LFA-1. It mediates the formation of the LAT-signalosome which is the initial step in integrin

activation by the TCR [542]. Thus, both ZAP70 and Vav1 are key in TCR mediated �inside-

out� signaling to the integrin LFA-1. ZAP70 and Vav1 mediated LFA-1 �inside-out� signaling

might be a link to the costimulatory e�ect of CCR7, as CCL21-mediated costimulation of T cell

activation is shown to be dependent on LFA-1-ICAM-1 interactions [368, 535]. Due to the fact,

that CCL21 can induce LFA-1 �inside-out� signaling [115, 376] and LFA-1 avidity regulation

is essential for the formation of a stable immunological synapse [376, 539, 546], Flanagan et

al. suppose LFA-1 as a likely mediator of CCL21 costimulatory e�ects [368], in mice. For β1

integrins ZAP70 and Vav1 were shown to be involved in CCL21 mediated �inside-out� signaling.

CCL21 signaling via CCR7 mediates the dissociation of Vav1 from talin, mediated by Vav1 phos-

phorylation by ZAP70. Talin is free then, to bind to the intracellular portion of the β1 integrin

chain to initiate its activation [552]. Inspired by the localization of ZAP70 and Vav1 at focal

adhesions after CCR7 stimulation, we tested whether ZAP70 and Vav1 might also play a role in
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CCR7-mediated �inside-out� signaling to the β2 integrin LFA-1. We found that Vav1-de�ciency

in Jurkat T cells has no e�ect on both, CCR7-mediated LFA-1 a�nity and valency regulation.

Interestingly, ZAP70-de�cent Jurkat T cells showed normal LFA-1 a�nity regulation after stim-

ulation with CCL19 or CCL21, while CCR7-triggered LFA-1 clustering was defective. Using the

Lck inhibitor piceatannol and the ZAP70-K369R kinase dead mutant of ZAP70 we showed that

the role of ZAP70 in CCR7-mediated LFA-1 �inside-out� signaling depends on its function as

adapter protein, and not on ZAP70 tyrosine kinase activity. Moreover, ZAP70-/- Jurkats were

not able to adhere to ICAM-1 coated surfaces in response to CCR7-triggering.

From our data, we conclude that via ZAP70-dependent pathways, CCR7 might contribute in two

ways to costimulate T cell activation. First, by inducing clustering of the β2 integrin LFA-1 CCR7

facilitates the establishment of the interaction between T cells and APCs via LFA-1/ICAM-1

interactions. In addition, clustering of LFA-1 might be important for T cells to e�ectively screen

APCs for cognate antigens, as clustering of LFA-1 is not only important for adhesion, but is

also suggested to allow the formation of intervening LFA-1 free areas in which smaller molecules,

such as the TCR, have opportunities to interact [582] Second, simultaneous triggering of CCR7

and the TCR leads to increased and prolonged ZAP70 kinase activity, one of the most upstream

elements required for T cell activation, having impact on all signaling pathways downstream of

the TCR.

4.5 Materials and Methods

4.5.1 Materials

Recombinant human CCL19, CCL21, CXCL12 and EGF were purchased from PeproTech. The

following antibodies were used: PE-labeled anti CD69 (clone FN50) from AbD Serotec, PE-

labeled anti-IL-2 (BD pharmigen), anti-human CCR7 used in immune �uorescence (SAB4500329)

(Sigma-Aldrich), anti-human CCR7 (LifeSpan Biosciences) used in proximity ligation assay,

anti-human Vav1 (9C1) (Abnova) used in proximity ligation assay, anti-human CCR7 APC

(FAB197A) (RD Systems), anti-hCD3zeta (ab188850) (abcam), anti-CD3 (ab5690) (abcam),

anti-CD3 (clone OKT3; Janssen-Cilag), anti-ZAP70 (D1C10E) XP® Rabbit mAb (Cell Sig-

naling), Anti-ZAP70 (phospho Y319) antibody (ab131270) (abcam), anti-YFP1 (E385) (ab-

cam), anti-YFP2 (11814460001) (Roche), anti-Vinculin antibody [SPM227] (ab18058) (abcam),

monoclonal anti-HA-HRP (clone HA7) (Sigma-Aldrich), anti-HA antibody (clone HA7) (Sigma-

Aldrich), anti-CD11a antibody [EP1285Y] (ab52895) (abcam), anti-CD18 antibody [MEM-48]

(ab657) (abcam), mAb24 anti-CD11+CD18 antibody [24] (ab13219) (abcam), Phallodin coupled

to Alexa647 was purchased from life technologies. PP2 and PTX were purchased from Merck-

Millipore. Piceatannol was purchased from Sigma. HEL34-45 (ISQAVHAAHAEINEARG) was

purchased from JPT.
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4.5.2 Construction of expression plasmids

Cloning of pcDNA3-CCR7-HA and pcDNA3-CCR7-EYFP has been described previously [450].

The constructs pcDNA3 CCR7 YFP1/YFP2 were subcloned by PCR using full length CCR7

(5`-CTG CGA ATT CAT GGA CCT GGG GAA ACC AAT G and 5`-CTA TAT CGA TTG

GGG AGA AGG TGG TGG TG) into YFP-BiFC vectors [465]. Analogously, the previously

described CCR7-DNY [450] and CCR7-Y155F [192] mutants were cloned into BiFC vectors us-

ing the same strategy. The cloning of pcDNA3-CCR7-V317I-YFP1 and pcDNA3-CCR7-A315G-

YFP1 was previously described [192]. The construction of pcDNA3-Vav1 YFP2, pcDNA3-ZAP70

YFP1/YFP2, pcDNA3-CXCR4 YFP1, pcDNA3-CD3zeta-YFP2 were performed analogously us-

ing following primer pairs: Vav1 (5` CTG CAA GCT TCT TGT AGA AGC GCG TAT G 3`

and 5` GCC GAT CGA TGC AGT ATT CAG AAT AAT CTT CC 3`); ZAP70 (5`CTT GGA

ATT CAT GCC AGA CCC CGC GGC GCA C 3` and 5` GAA TAT CGA TGG CAC AGG

CAG CCT CAG CCT T 3`) CXCR4 (5` GCG CGA ATT CAA TTC ATG GCT TAC CCG

TAT G 3` and 5` CTG CAT CGA TGG AGC TGG AGT GAA AAC TTG AAG 3`) CD3zeta

(5` GAA CGA ATT CTT CTG CCT CCC AGC CTC TTT CT 3` and 5` GAA CAT CGA

TTC AGG CCT TCC TGA GGG TTC TT 3`); and subcloning into the previously published

N-terminally tagged YFP-BiFC vectors [465]. Site directed mutagenesis was performed using the

QuickChange II site directed mutagenesis kit (Agilent) following manufacturer's instructions us-

ing the primers: for ZAP70-Y315F (5` CCC ATG GAC ACG AGC GTG TTT GAG AGC CCC

3` and 5`GGG GCT CTC AAA CAC GCT CGT GTC CAT GGG 3`) and for ZAP70-K369R

(5`GCT TCA GCA CCC TGA TGG CCA CGT CGA TCT GC 3` and 5`GCA GAT CGA CGT

GGC CAT CAG GGT GCT GAA GC 3`). Construction of pcDNA3-Vav1 mCherry was done

analogously by performing PCR on full length human Vav1 using the primer pairs (5` CTG CGA

ATT CAG GGA GAC CCA AGC TTC TTG TAG 3` and 5` CTT AGC GGC CGC ATG TTG

TGG CGG ATC TTG AAG TTC 3`) and subsequently subcloned into pcDNA3 mCherry vector.

Cloning of pcDNA3-ZAP70-EGFP was done by performing PCR on full human ZAP70 using

the primer pairs (5` GAT AGA ATT CAT GCC AGA CCC CGC GGC GCA CC 3` and 5` CTT

AGC GGC CGC GGC TGA TCA GCG AGC TCT AGC A 3`) and subsequently cloned into

pcDNA3 EGFP vector. All primers were custom made by Microsynth, Balgach. pcDNA3.1+

ROZA XL and pcDNA3.1+ ROZA XL YF were a kind gift of Anemarie Lellouch (Addgene

plasmids #64194 and #64195) [559].

4.5.3 Isolation of primary human cells, cell lines and transfection

Blood donation for research purposes was approved by the local ethics committee and individual

donors gave written consent. PBMCs from healthy donors were enriched by density gradient cen-

trifugation on Ficoll-Paque Plus (Amersham Biosciences). Monocytes were separated from PBLs

using anti-CD14-conjugated microbeads (Miltenyi). PBLs and CD3+ sorted (Miltenyi) T cells
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were cultured in RPMI-1640 medium supplemented with 2% human AB serum (Lonza). HEK293

cells and stable HEK293 CCR7-HA or CXCR4-HA transfectants were grown and maintained in

DMEM containing 10% FCS (Lonza). HEK293 cells were transiently transfected using TransIT-

LT1 (MirusBio), according to the manufacturerâs protocol. Mouse embryonic �broblasts (MEFs),

as well as β-arrestin 1 and 2 knockouts and rescue MEFs, were grown and maintained in DMEM

containing 10% FCS (Lonza). MEFs were transiently transfected by Lipofectamin 2000 (Life

technologies), according to the manufacturer's protocol. The murine T cell hybridoma 3B11

and murine B cell lymphoma LK35.2 were a kind gift of Guenter J. Haemmerling. 3B11 and

LK35.2 cells were grown and maintained in RPMI medium containing 10% FCS (Lonza) and 1%

of non-essential amino acids (Lonza). 3B11 stably transfected with pcDNA3-CCR7-EYFP were

generated using electroporation and selection with G418 (Gibco). ZAP70-de�cient Jurkat P116

were a kind gift of Margot Thome-Miazza. Jurkat P116 were grown and maintained in RPMI

medium containing 10% FCS (Lonza) and 1% of non-essential amino acids (Lonza). Jurkat P116

cells stably expressing ZAP70-EGFP were generated via transfection with Lipofectamin 2000

(Life technologies) and selection with G418 (Gibco).Transient tranfection of Jurkat P116 cells

was made using Neon Transfection system (Thermo�sher).

4.5.4 Bimolecular Fluorescence Complementation (YFP-BiFC) assay

Visualization of interaction of proteins of interest by YFP-BiFC was performed essentially as

described [465, 558]. In brief, HEK293 were co-transfected in a 1:1 ratio with YFP1 and YFP2-

tagged constructs. Transfected cells were left untreated or were pre-treated with 100ng/ml PTX

for 4h or 10µM PP2 for 4h. Subsequently, cells were stimulated with 0.5 µg/ml CCL19 or

CCL21, 0,125µg/ml CXCL12, 50ng/ml EGF or left unstimulated and washed and �xed in 4%

formaldehyde. For �ow cytometry analysis, cells were subsequently detached and analyzed on a

LSR II �ow cytometer (BD Biosciences). For immuno�uorescence microscopy, cells were perme-

abilized using 0.2% Triton X-100 and 0,125% SDS in PBG (20mM glycine and 3% BSA in PBS

pH7.4) and incubated with the appropriate primary antibody in PBG, followed by incubation

with Alexa Fluor labelled secondary antibodies (Life Technologies). Coverslips were mounted

using polyvinyl alcohol mounting medium with DABCO (Sigma-Aldrich). Confocal mages were

acquired on a Leica TCS SP5 II laser scanning microscope using a 63x/1.4 NA oil-immersion

objective (Leica).

4.5.5 Proximity ligation assay

Interaction of CCR7 with CD3ζ, CCR7 with ZAP70 and ZAP70 with Vav1 was examined using

reagents from the Duolink® proximity ligation assay (Sigma-Aldrich) following the manufac-

turer's instructions. Brie�y, human primary PBLs were put on poly-L-lysine coated coverslips,

stimulated with 0,5µg/mL CCL19 or CCL21 for the indicated timepoints or let unstimulated.
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Subsequently cells were �xed in 4% formaldehyde, blocked in FC-block, permeabilized, washed

and incubated in primary antibody diluted 1:50 in FC-block for 2h. Slides were washed and

secondary antibodies harboring short nucleotide sequences diluted 1:5 in antibody diluent were

added for 1h at 37°C. Oligonucleotides were ligated at 37°C and rolling circle PCR with �uores-

cent nucleotides was performed for 2h at 37°C. Slides were washed, nuclei stained with Hoechst

and mounted. PLA was visualized using on an inverted Zeiss Axiovert 200 microscope. Quan-

ti�cation of PLA signal was done in ImageJ.

4.5.6 Preparation of cell lysates

1x106 Jurkat cells were lysed in NP-40 bu�er (1% NP-40, 50mM Tris-HCl pH 7,6, 150mM NaCl,

2mM EDTA, supplemented with proteinase inhibitor mix (Roche), pH7.5) and total protein

concentration was determined using 660nm Protein Assay (Pierce). Total protein amount was

adjusted and cell lysates were transferred to SDS-PAGE gels and Western blot analysis was

performed using indicated antibodies.

4.5.7 Quantitative real-time PCR

Total RNA of Jurkat cells or primary human PBLs was isolated using the RNeasy Mini kit

(Qiagen) and transcribed into cDNA using random hexamer primers and the Hi Capacity cDNA

Reverse Transcription kit (Applied Biosystems). Ampli�cation of transcripts was performed

using the Fast SYBR Green PCRMaster Mix on a 7900HT Fast Real-Time PCR System (Applied

Biosystems) according manufacturer's instructions. For detection of CCR7 and IL-2 primer pairs

were purchased from Qiagen.

4.5.8 F"orster Resonance Energy Transfer (FRET) measurements

Jurkat cells were transiently transfected with pcDNA3.1+ ROZA-XL or pcDNA3.1+ ROZA-XL

YF using the Neon transfection system (Thermo Fischer Scienti�c). 24h after transfection the

cells were put on poly-L-lysine coated coverslips and stimulated with 0,5µg/ml CCL19/CCL21

or 5µg/ml anti-CD3 (clone OKT3) or costimulation with chemokine and anti-CD3 antibody was

done, for indicated time points. Subsequently, the cells were �xed in 4% PFA. Coverslips were

mounted using polyvinyl alcohol mounting medium with DABCO (Sigma-Aldrich). FRET e�-

ciency of the ROAZA-XL FRET sensors was measured on a Leica TCS SP5 II confocal microscope

by donor-recovery after acceptor photo-bleaching (AB) using the corresponding FRET-wizard of

the Leica LSM software. Brie�y, a pre-bleaching image was taken, acceptor of the whole cell was

bleached at 100% laser intensity and FRET e�ciency was calculated for each pixel with FRETe�

= (Dpost bleach - Dpre bleach)/Dpost bleach using the macro of the FRET-AB wizard.
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4.5.9 Immune synapse formation assay

LK35.2 murine B cell lymphoma cells were loaded with 10µM HEL34-45 antigen at 37°C for 1h,

washed, and put onto poly-L-lysine coated coverslips. Then, stably CCR7-YFP expressing 3B11

T cell hybridoma were added. Cells were left unstimulated or stimulated with 0,5µg/ml CCL19

or CCL21. 1h later cells were �xed with 4% PFA and immunostaining was done as described

above. Confocal mages were acquired on a Leica TCS SP5 II laser scanning microscope using

a 63x/1.4 NA oil-immersion objective (Leica). 3D reconstitution was performed by Huygens

software using confocal images of z-step size of 0,08µm. Quanti�cation of colocalization was

done by calculating the Pearson's correlation coe�cient in ImageJ.

4.5.10 Flow cytometry analysis of T cell activation

Human primary PBLs were stimulated with 0,5µg/ml CCL19, 0,5µg/ml CCL21 or CD3-CD28

beads (T cell activation/expansion kit, Miltenyi biotec) or co-stimulation with chemokine and

anti-CD3/CD28 beads was done. As positive control stimulation with 50ng/ml PMA and 1µM

ionomycin was done. For analysis of CD69 surface expression cells were �xed in 4% PFA 20h

after stimulation and stained for CD69 using PE-labeled anti CD69 (clone FN50, AbD Serotec).

For analysis of IL-2 production, intracellular IL-2 staining was done. For this, cells were treated

with 10ug/ml Monensin for 5h before �xation in 4% PFA. Cells were permeabilized using PBS +

0,1% Saponin and 0,5% BSA. Intracellular staining was done in presence of 0,1% Saponin using

PE-labeled anti-IL-2 (BD pharmigen). Fluorescence was analyzed on a LSR II �ow cytometer

(BD Biosciences). Quanti�cation was done using FlowJo7 software.

4.5.11 Flow cytometry analysis - mAb24 staining

Jurkat P116 or JVav1 cells were stimulated with 0,5µg/ml CCL19, 0,5µg/ml CCL21 or

0,125µg/ml CXCL12 in presence of 0,9µg/ml mAb24 (anti-CD11a+CD18 antibody [24]

(ab13219) (abcam)) for 10min at 37°C in HBSS. Subsequently, cells were put on ice for 30min

and �xed with 4% PFA. Then, staining with secondary goat-anti-mouse-IgG antibody coupled

to Alexa647 (Life Technologies) in HBSS + 3% BSA was done, cells were washed in HBSS and

�uorescence was analyzed on a LSR II �ow cytometer (BD Biosciences). Quanti�cation was done

using FlowJo7 software.

4.5.12 Immobilized ICAM-1 adhesion assay

For quanti�cation of adhesion of Jurkat P116 and JVav1 cells to immobilized ICAM-1 black

96-well plates with clear bottom (Costar). Plates were pre-coated with 100µg/mL Protein A

(Pierce) in PBS over night at 4. Then, plates were washed in HBSS and coated with 10µg/mL

ICAM-1-FC (Acro Biosystems) in HBSS for 1,5h at 37°C. Subsequently, plates were washed and
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blocked for 1h at 37°C using HBSS + 0,5% low-fat BSA (A7511, Sigma). Cells were stained with

Vybrant DiD cell labeling solution (Thermo Fischer Scienti�c) according to the manufacturer's

protocol and stimulated with 0,5µg/ml CCL19/CCL21, 0,125µg/ml CXCL12 or 10mM MgCl2

and let adhere on immobilized ICAM-1 FC for 20min in HBSS + 0,5% low-fat BSA. Then, plates

were washed 3-4 times and �uorescence was measured using a Tecan Spark 1M microplate reader.

Percentage of adherent cells was calculated in relation to unwashed wells (input).

4.5.13 CD11a cluster analysis

Jurkat P116, Jurkat P116 ZAP70-GFP, or Jurkat P116 ZAP70-K369R-GFP cells were put on

poly-L-lysine coated coverslips and left untreated or pre-treated with piceatannol (50µg/ml) or

DMSO for 1h and then stimulated for 10min with 0,5µg/ml CCL19 or CCL21. Cells were �xed in

4%PFA and immunostaining for CD11a was done as described above, but the permeabilization

step was omitted. Confocal mages were acquired on a Leica TCS SP5 II laser scanning microscope

using a 63x/1.4 NA oil-immersion objective (Leica). Cluster analysis was done using the analyze

particles tool for ImageJ.

4.5.14 Statistical evaluation

Signi�cant di�erences between groups were assessed using Two-way ANOVA with Bonferroni

post-test using GraphPad Prism 6. *p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001.

Acknowledgements

The authors thank Mark A. Hauser for the helpful discussions and Edith Uetz- von Allmen for

cell sorting. Julia M. Laufer is a member of KoRS-CB.

126



ZAP70 expression enhances chemokine recep-

tor driven B-CLL migration and arrest on the

endothelium: potential implications for dis-

ease progression

Julia M. Laufer1,2 Ruth Lyck,3 and Daniel F. Legler1

1Biotechnology Institute Thurgau at the University of Konstanz, Kreuzlingen, Switzer-

land; 2Research School Chemical Biology (KoRS-CB), University of Konstanz, Konstanz,

Germany; and 3Theodor Kocher Institute, University of Bern, Bern, Switzerland

5.1 Abstract

The non-receptor tyrosine kinase ZAP70 is a negative prognostic marker in B cell chronic lym-

phocytic leukemia (B-CLL), the most common adult leukemia. Moreover, the integrin α-chain

CD49d is highly expressed in the aggressive form of the disease, and is used also as prognostic

marker. We herein describe a role for ZAP70 in chemokine-mediated �inside-out� signaling to

integrins in B-CLL. We found that ZAP70-positive B-CLL cells migrated signi�cantly better

towards ligands of CCR7 and CXCR4 compared to ZAP70-negative B-CLL cells. In addition,

ZAP70 expressing B-CLL adhered more e�ciently to the integrin ligands ICAM-1 and VCAM-1

under static conditions. Mechanistically, we found that ZAP70 expression controls chemokine-

driven clustering of the integrins LFA-1 and VLA-4. More precisely, chemokine stimulation

resulted in a ZAP70-dependent integrin valency regulation on B-CLL, whereas high a�nity regu-

lation of integrins was independent on ZAP70. Consequently, ZAP70-expressing B-CLL show in-

creased chemokine-driven arrest on immobilized integrin ligands and on chemokine-presenting en-

dothelium under shear �ow conditions. Increased adhesion and migration capabilities of ZAP70-

expressing B-CLL cells can explain the more aggressive disease progression of patients with high

ZAP70-expression manifested by increased B-CLL homing to the bone marrow and to lymph

nodes.
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5.2 Introduction

B cell chronic lymphocytic leukemia (B-CLL) is the most frequent adult leukemia. B-CLL is

characterized by the progressive accumulation of clonal malignant mature B cells in the periph-

eral blood, the bone marrow, lymph nodes and the spleen. B-CLL cells display an unusual but

characteristic pattern of surface molecules that includes co-expression of CD5 and CD23 beside

the classical B cell markers CD19 and CD20 [390]. The clinical manifestation of B-CLL is aston-

ishingly heterogeneous, ranging from patients with aggressive disease to patients with an indolent

course and no symptoms that do not need therapy [396]. Current guidelines do not recommend

a therapy for patients with recently diagnosed early stage B-CLL showing no symptoms. A ma-

jor clinical challenge hence is to identify patients who will develop an aggressive disease course.

For this, reliable diagnostic markers permitting to classify the patients according to prognostic

risk are of fundamental importance. Current staging systems introduced by Rai [583] and Binet

[398] enables to classify individuals into three prognostic groups. However neither staging sys-

tem allows to predict which patient will develop a progressive fatal disease. The distinction of

B-CLL patients carrying unmutated immunoglobulin heavy chain variable region (IgVH) genes

from those with mutated IgVH genes, though, allows to prospectively predict the disease outcome

where the patients with unmutated IgVH are prone to develop an aggressive variant of B-CLL

[584, 585]. Transcriptome analysis identi�ed the tyrosine kinase zeta-associated kinase ZAP70 to

be aberrantly and predominantly expressed in unmutated IgVH B-CLL [406, 423, 424, 426]. Ex-

pression of ZAP70 is therefore considered as surrogate prognostic marker to start B-CLL therapy

[423, 424]. Unfortunately, standardized detection of intracellular ZAP70 for diagnostic purposes

using �ow cytometry has remained challenging [586, 587]. In contrast, measuring surface expres-

sion levels of the integrin α chain CD49d (α4) is simple and hence, CD49d has emerged as the

strongest �ow cytometry-based negative prognostic marker for B-CLL [409].

A hallmark of the pathophysiology of B-CLL is that blood circulating leukemia cells are mainly

in a cell cycle arrested phase, whereas cells found in lymph nodes are proliferating and hence

promote disease progression [588]. Understanding how B-CLL enter lymph nodes thus is critical

to develop therapeutic strategies. Emigration from the blood to lymph nodes is a well-de�ned

multistep process in normal immune cell tra�cking, termed homing, and it is very likely that

the same process is exploited by B-CLL to enter lymph nodes. Homing of lymphocytes to lymph

nodes occurs via a 4-step mechanism: tethering and rolling of lymphocytes on high endothelial

venules (HEVs) mediated by selectins, chemokine receptor induced integrin activation, integrin-

dependent �rm arrest on HEVs, and transendothelial migration [108]. Notably, T cells solely

rely on the chemokine receptor CCR7 for integrin activation and subsequent cell adhesion to

enter lymph nodes, whereas B cells can exploit CCR7 and CXCR4 mediated signaling to induce

integrin-mediated arrest on HEVs [125, 434]. Interestingly, increased expression of CCR7 and

CXCR4 correlates with lymphadenopathy in B-CLL [435�437]. As enhanced CCR7 expression
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also correlates with higher Rai-stages, CCR7 has been proposed as prognostic marker [436].

Several recent studies described a relationship between expression of ZAP70 and chemokine recep-

tors. For instance, B-CLL expressing the negative prognostic marker ZAP70 showed increased

migration capabilities towards the CCR7 ligands CCL19 and CCL21, as well as towards the

CXCR4 ligand CXCL12 [432, 444]. In addition, B-CLL expressing ZAP70 and CCR7 showed

an enhanced ability to respond to survival signals, which contributes to disease progression [432,

589, 590]. Until now it remains unclear whether the induction of ZAP70 expression occurs during

the transition towards a more aggressive B-CLL form or whether ZAP70 actively contributes to

B-CLL disease progression.

We recently identi�ed ZAP70 as direct interaction partner of chemokine-stimulated, tyrosine

phosphorylated CCR7 [192]. However, the role of ZAP70 in CCR7-dependent signaling and mi-

gration has not been addressed. Here, we investigated the role of ZAP70 in chemokine-driven

B-CLL migration, integrin activation and cell adhesion to the endothelium under blood �ow

conditions. We found a role for ZAP70 in CCR7 as well as in CXCR4 mediated �inside-out�

signaling to the β1 integrin VLA-4 and the β2 integrin LFA-1. As chemokine driven integrin

activation is an essential step in the process of emigration of B-CLL from the blood into lymph

nodes where they enter proliferative centers [395], we propose that ZAP70 induction in B-CLL

actively contributes to disease progression by promoting B-CLL accumulation in lymph nodes.

5.3 Results

5.3.1 Enhanced migration of ZAP70-positive B-CLL towards CCR7 and CXCR4 ligands

ZAP70 is a negative prognostic marker in B-CLL [406, 407], but it is not clear what makes

ZAP70-expressing B-CLL cells more aggressive. In separate studies, B-CLL of patients with

progressive disease were often shown to express increased levels of the chemokine receptors CCR7

and CXCR4 [436, 437, 591], and migration of B-CLL cells towards CCR7 ligands correlated with

lymphadenopathy [437]. Although ZAP70 expression was associated with increased cell migration

towards CCR7 ligands [432, 445] and CXCL12 [408, 444], the underlying mechanism remains

largely unclear. As we have recently identi�ed ZAP70 in a screen for interaction partners of

chemokine-stimulated, tyrosine phosphorylated CCR7 [192], we investigated the role of ZAP70

downstream of chemokine receptors in modulation B-CLL migration. We therefore used the

recently established OSU-CLL cell line [592] derived from a previously treated B-CLL patient

(CD5 positive with trisomy 12 and 19). OSU-CLL cells initially expressed ZAP70, but lost its

expression in culture [592]. The cell line was therefore retrovirally transduced with ZAP70 or the

corresponding empty vector, revealing OSU-CLL ZAP70, and OSU-CLL vector cells, respectively

[592]. We con�rmed the expression status of ZAP70 in OSU-CLL ZAP70 cells and its OSU-CLL

vector control cells (Figure 5.1 A). Next, we analyzed expression of CCR7 and CXCR4 by real-
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time qPCR. Both OSU-CLL cell lines expressed high levels of CCR7 and low levels of CXCR4

(Figure 5.1 B). Importantly, CCR7 and CXCR4 levels did not di�er between OSU-CLL vector

and OSU-CLL ZAP70 cells (Figure 5.1 B), suggesting that, at least in our system, ZAP70 over-

expression did not result in chemokine-receptor upregulation as has been postulated for CCR7

[445]. Next, we subjected OSU-CLL cells to Transwell migration assays. OSU-CLL vector cells

readily migrated towards graded concentrations of CCL19 and CCL21 (Figure 5.1 C). Of note,

signi�cantly more OSU-CLL cells expressing ZAP70 migrated towards CCR7 ligands (Figure 5.1

C). Similarly, OSU-CLL ZAP70 cells migrated signi�cantly better towards CXCL12 as compared

to OSU-CLL vector cells (Figure 5.1 C), con�rming previous studies [408, 432], but in a molecular

de�ned cellular model system.

Figure 5.1: Increased directional migration of OSU-CLL cells expressing ZAP70. (A) Western
blot analysis of ZAP70 expression in di�erent OSU-CLL cell lines. One of three experiments. (B)
Quantitative real time PCR analysis of mRNA levels of CCR7 and CXCR4 in OSU-CLL Vector and
OSU-CLL ZAP70 cells. Mean ± SEM of three experiments. (C) 2D transwell migration of OSU-CLL
ZAP70 and OSU-CLL Vector cells. Lower wells contained indicated concentrations of the chemokines
CCL19, CCL21 or CXCL12. Mean ± SEM of three experiments.
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5.3.2 CCR7 and CXCR4 mediated clustering of integrins and adhesion to integrin ligands

is enhanced in ZAP70-positive B-CLL

Directional migration of B-CLL cells in the 2D Transwell-system is dependent on integrins. Thus,

we speculated that there is a di�erence in chemokine-mediated �inside-out� signaling to integrins

in the OSU-CLL ZAP70 cells compared to the vector control cells. We started to investigate this

for the integrin VLA-4 (α4β1), as its α chain, CD49d, is a negative prognostic marker in B-CLL

[409]. Initially, we tested whether the two cell lines, OSU-CLL ZAP70 and OSU-CLL vector

show the same surface expression of the integrin α4-chain (CD49d) and the integrin β1-chain

(CD29) and found similar expression levels (supplementary Figure 5.1 A).

In the following, we did a static adhesion assay on immobilized VCAM-1, the ligand of VLA-

4. We observed a signi�cant increase in chemokine-induced adhesion of OSU-CLL ZAP70 cells,

whereby OSU-CLL vector cells showed no chemokine induced increase in adhesion to immobilized

VCAM-1 (Figure 5.2 A). To test whether ZAP70 expression in B-CLL has an e�ect on chemokine

mediated a�nity regulation of VLA-4, we used the β1 high-a�nity reporter HUTS-21 [593]. After

CCR7 or CXCR4 stimulation a signi�cant increase in HUTS-21 binding was observed, however

there was no signi�cant di�erence between ZAP70 expressing and vector control cells (Figure 5.2

B). In the following, we looked at chemokine mediated valency regulation of the CD49d chain.

After chemokine stimulation, a signi�cant increase in CD49d clustering was measured on OSU-

CLL ZAP70 cells, and it could be blocked by PP2 treatment (Figure 5.2 C and D). Remarkably,

CD49d clustering after chemokine stimulation only slightly increased on OSU-CLL vector cells

(Figure 5.2 C and D).
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Figure 5.2: ZAP70 expression enhances chemokine receptor �inside-out� signaling to VLA-
4. (A) Static adhesion assay of OSU-CLL ZAP70 and OSU-CLL Vector cells on immobilized VCAM-
1-FC. Where indicated cells were stimulated with CCL19, CCL21 (0.5µg/ml), CXCL12 (0.125µg/ml)
or MnCl2 (10mM). Mean of triplicates of three independent experiments ± SEM. (B) Flow cytometric
measurement of HUTS-21 binding on OSU-CLL ZAP70 and OSU-CLL Vector cells. Where indicated
cells were stimulated with CCL19, CCL21 (0.5µg/ml), CXCL12 (0.125µg/ml) or MgCl2 (10mM). Mean
± SEM of four experiments. (D/E) Confocal images of CD49d staining in OSU-CLL ZAP70 and OSU-
CLL Vector cells after stimulation with CCL19, CCL21 (0.5µg/ml) or CXCL12 (0.125µg/ml) (D). And
quanti�cation of CD49d clusters after di�erent stimulation and pretreatment with PP2 (10µM) (E).
Images of one of three experiment; scale bars indicate 10µm (D). And quanti�cation of CD11a clusters
of 15 cells per treatment of three experiments (E).
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The OSU-CLL cells have the genomic aberration trisomy 12 [592]. It is described, that in trisomy

12-positive B-CLL, in comparison to trisomy 12-negative B-CLL, not only the expression of the

integrin chains CD29 and CD49d is preserved, but also CD11a and CD18, the integrin chains

of LFA-1 (αLβ2), are expressed [417]. Thus, we investigated whether ZAP70 expression of

OSU-CLL cells in�uences chemokine-mediated �inside-out� signaling to the integrin LFA-1. To

make sure that OSU-CLL vector and OSU-CLL ZAP70 expressing cells have the same surface

expression of the LFA-1 α and β-chain, we performed �ow cytometry stainings and observed

identical surface expression levels (supplementary Figure 5.1 B). Then, we did a static adhesion

assay on immobilized ICAM-1, the ligand of LFA-1. OSU-CLL ZAP70 cells showed signi�cantly

increased adhesion to immobilized ICAM-1 after stimulation with CCR7 and CXCR4 ligands,

compared to OSU-CLL vector cells, which did not show an increase in adhesion to immobilized

ICAM-1 after chemokine stimulation (Figure 5.3 A). To test whether OSU-CLL ZAP70 and

vector cells show di�erent a�nity regulation of LFA-1 after chemokine stimulation, we used the

β2 high a�nity reporter antibody mAb24 [563]. Although we measured a signi�cant increase

in mAb24 binding after stimulation with CCL19, CCL21, CXCL12 or MgCl2 as control, there

was no di�erence in mAb24 binding between OSU-CLL ZAP70 and vector cells (Figure 5.3 B).

Next, we tested whether we observe a di�erence in chemokine-mediated clustering of LFA-1 in

OSU-CLL ZAP70 and vector cells. Indeed, ZAP70-expressing B-CLL cells showed signi�cantly

increased clustering of the LFA-1 α-chain, CD11a, in response to stimulation with CCR7 or

CXCR4 ligands, compared to vector control cells (Figure 5.3 C and D). Increased clustering

of the LFA-1 α-chain could be blocked by treatment of OSU-CLL ZAP70 cells with the Src

inhibitor PP2 (Figure 5.3 D), indicating that ZAP70 is phosphorylated and might act as adapter

protein. In summary, we show that ZAP70 expression in B-CLL enhances chemokine mediated

adhesion to immobilized ICAM-1 and VCAM-1 under static conditions. This can be explained

by increased clustering of LFA-1 and VLA-4 on B-CLL cells expressing ZAP70 after stimulation

with CCR7 ligands or CXCL12. Remarkably, the OSU-CLL cells are positive for trisomy 12

[592]. The role we demonstrate for ZAP70 in integrin-clustering in trisomy 12 cells is especially

interesting, as Riches et al. reported, that despite the expression of CD49d, which is a strong

prognostic marker itself, the expression of ZAP70 retained its prognostic value in trisomy 12 cells

[417]. This might be explained by the fact that trisomy 12 cells, despite CD49d expression, are

less adhesive after chemokine stimulation when ZAP70 is absent. And the cells, by expressing

ZAP70, gain enhanced ability to adhere after chemokine trigger.
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Figure 5.3: Chemokine receptor-mediated �inside-out� signaling to LFA-1 is enhanced in
ZAP70 expressing OSU-CLL cells (A) Static adhesion assay of OSU-CLL ZAP70 and OSU-CLL
Vector cells on immobilized ICAM-1-FC. Where indicated cells were stimulated with CCL19, CCL21
(0.5µg/ml), CXCL12 (0.125µg/ml) or MgCl2 (10mM). Mean of triplicates of three independent exper-
iments ± SEM. (B) Flow cytometric measurement of mAb24 binding on OSU-CLL ZAP70 and OSU-
CLL Vector cells. Where indicated cells were stimulated with CCL19, CCL21 (0.5µg/ml), CXCL12
(0.125µg/ml) or MgCl2 (10mM). Mean ± SEM of four experiments. (C/D) Confocal images of CD11a
staining in OSU-CLL ZAP70 and OSU-CLL Vector cells after stimulation with CCL19, CCL21 (0.5µg/ml)
or CXCL12 (0.125µg/ml) (C). And quanti�cation of CD11a clusters after di�erent stimulation and pre-
treatment with PP2 (10µM) (D). Images of one of three experiment; scale bars indicate 10µm (C). And
quanti�cation of CD11a clusters of 15 cells per treatment of three experiments (D).
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Figure 5.S1: Comparison of VLA-4 and ICAM-1 expression levels of OSU-CLL Vector and
OSU-CLL ZAP70 cells. (A) Flow cytometry analysis of surface expression of CD49d and CD29 on
OSU-CLL ZAP70 and OSU-CLL Vector cells. One of three experiments. (B) Flow cytometry analysis
of surface expression of CD11a and CD18 on OSU-CLL ZAP70 and OSU-CLL Vector cells. One of three
experiments.
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5.3.3 ZAP70 is essential for increased arrest of B-CLL on VCAM-1 in presence of CCR7

or CXCR4-ligands

The clinical picture of patients with aggressive disease shows accumulation of B-CLL cells e.g.

in peripheral lymph nodes [396]. Here, B-CLL cells form proliferative centers where they receive

pro-survival and proliferation signals [395, 396]. B cells enter lymph nodes via high endothelial

venules (HEVs). In this process, the homeostatic chemokines CCL19, CCL21 and CXCL12 are

key [434]. Besides the well-established role of LFA-1-ICAM-1 interactions in lymphocyte arrest

on HEVs, B cell arrest can also be mediated via VLA-4-VCAM-1 interactions [594]. To look

at this process in a model system, we used �ow chambers with immobilized VCAM-1 with and

without coating of CXCL12 or CCL21. In �ow-chamber experiments, without chemokine coating

a substantial amount of OSU-CLL ZAP70 and vector cells adhered on immobilized VCAM-1,

with no signi�cant di�erence between ZAP70 expressing and vector control cells (Figure 5.4 A).

Coating with CCL21 or CXCL12 signi�cantly increased the number of OSU-CLL ZAP70 cells

that were arrested on immobilized VCAM-1, whereby the number of OSU-CLL vector cells that

adhered was not signi�cantly changed (Figure 5.4 A), indicating that ZAP70 is essential for

increased adhesion on immobilized VCAM-1 after chemokine stimulation.

Remarkably, without chemokine coating, the OSU-CLL ZAP70 and vector cells were not able to

crawl against the direction of the �ow, but rather showed a negative x-FMI (forward migration

index) and a morphology that resembled recurrent arrest as it was described for T cells on

immobilized VCAM-1 by Steiner et al. [595]. Notably, after coating with CXCL12 the tendency

of the cells to be transported with the �ow by recurrent arrest was decreasing. For CCL21

coating, the cells showed more polarized morphology and displayed normal random crawling

behavior, rather than recurrent arrest, on the immobilized VCAM-1 (supplementary Figure 5.2

A and C) with no di�erence between OSU-CLL ZAP70 and vector cells. In summary, the �ow-

chamber experiments revealed a di�erence between ZAP70-positive and ZAP70-negative B-CLL

in initial arrest on immobilized VCAM-1 with CCL21 or CXCL12 coating, as ZAP70-de�cient

cells did not show a chemokine-mediated increase in the number of adherent cells on immobilized

VCAM-1 under �ow.

5.3.4 CCR7-mediated arrest on ICAM-1 under �ow is enhanced in ZAP70-expressing B-

CLL

To test, whether we observe the same e�ect for arrest of B-CLL cells on immobilized ICAM-1, we

used �ow chambers coated with ICAM-1 with and without CXCL12 or CCL21 coating. Without

chemokine coating, the OSU-CLL ZAP70 and vector cells barely adhered to immobilized ICAM-

1 under �ow (Figure 5.4 B) and over 50% of the initially adhering cells detached again (data not

shown). The number of arrested cells only marginally increased, when CXCL12 coating was done

(Figure 5.4B), but only 30% of cells detached again (data not shown). Remarkably, the number
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of adherent cells signi�cantly increased, when the chamber was coated with CCL21 (Figure 5.4

B), and cells barely detached again (less than 5%, data not shown). Moreover, signi�cantly

more ZAP70-expressing OSU-CLL cells arrested, compared to vector cells in presence of CCL21

coating.

Interestingly, for no chemokine coating and CXCL12 coating, cells had the tendency to crawl in

the direction of the �ow, as manifested by a slightly negative x-FMI (supplementary Figure 5.2

B). However, for CCL21 coating, both, the OSU-CLL ZAP70 and the OSU-CLL vector cells, had

the tendency to crawl against the direction of the �ow (supplementary Figure 5.2 B), while the

velocity of the crawling was not signi�cantly changed for all conditions (supplementary Figure 5.2

D). In summary, while B-CLL crawling behavior on ICAM-1 under �ow in presence or absence of

chemokine coating is not in�uenced by ZAP70-expression, we found that arrest of B-CLL cells on

immobilized ICAM-1 that is coated with CCL21 is signi�cantly enhanced for ZAP70-expressing

cells.

Figure 5.4: ZAP70 is required for chemokine induced arrest of B-CLL on VCAM-1 and
enhances arrest after chemokine triggering on ICAM-1. (A) Quanti�cation arresting cells on
immobilized VCAM-1 under �ow. VCAM-1 FC coated �ow chambers were left untreated or were coated
with CXCL12 (0.125µg/ml) or CCL21 (0.5µg/ml). Mean ± SEM of four experiments. (B) Quanti�-
cation of adherent cells on immobilized ICAM-1 under �ow. ICAM-1 FC coated �ow chambers were
left untreated or were coated with CXCL12 (0.125µg/ml) or CCL21 (0.5µg/ml). Mean ± SEM of six
experiments for no chemokine and CXCL12 and of nine experiments for CCL21.
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Figure 5.S2: Chemokine stimulation in�uences crawling behavior of OSU-CLL cells on immo-
bilized ICAM-1 or VCAM-1 (A/B) Quanti�cation of x-FMI of OSU-CLL ZAP70 and OSU-CLL Vec-
tor cells crawling on immobilized VCAM-1 (A) or ICAM-1 (B) with no chemokine or CCL21 (0.5µg/ml) or
CXCL12 (0.125µg/ml) coating. Mean ± SEM of four experiments (A). Mean ± SEM of three experiments
for no chemokine and of six experiments for CXCL12 and CCL21 coating (B). (C/D) Quanti�cation of
velocity of OSU-CLL ZAP70 and OSU-CLL Vector cells crawling on immobilized VCAM-1 (C) or ICAM-
1 (D) with no chemokine or CCL21 (0.5µg/ml) or CXCL12 (0.125µg/ml) coating. Mean ± SEM of four
experiments.
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5.3.5 ZAP70-expressing B-CLL show increased CCL21-mediated arrest on endothelial cells

To have a more physiological setting, we decided to perform �ow-chamber experiments on en-

dothelial cells. As model-system we used TNFα-treated primary mouse brain microvascular

endothelial cells (pMBMECs), that express high levels of ICAM-1 and VCAM-1 on their surface

[595, 596] and were additionally coated with CXCL12 or CCL12, or left uncoated. The results

obtained on pMBMECs resemble the �ndings on immobilized ICAM-1 and di�er from the data

obtained on immobilized VCAM-1. Without chemokine and with CXCL12-coating OSU-CLL

ZAP70 and vector cells hardly were able to adhere on pMBMECs under �ow (Figure 5.5 A).

Coating of the pMBMECs with CCL21 signi�cantly increased the number of cells that arrested,

whereby the number of ZAP70-positive cells that arrested was signi�cantly higher, compared to

vector control cells (Figure 5.5 A). Similarly, to what was observed on immobilized ICAM-1 the

velocity of crawling was unchanged for all conditions (supplementary Figure 5.3 A and B).

Remarkably, there was no di�erence between the ZAP70-positive and ZAP70-negative cells, when

we looked at transendothelial migration (TEM) (Figure 5.5 C-E). A very low number of TEM

was found for endothelial cells with no chemokine coating (Figure 5.5 C). The number of cells

that made TEM was increased for CXCL12-coated endothelial cells (Figure 5 5.D) and increased

more for CCL21-coated endothelial cells (Figure 5.5 E), with no di�erence between OSU-CLL

ZAP70 and vector cells. In summary, we show that ZAP70-positive OSU-CLL cells show more

arrest on endothelial cells, having both, ICAM-1 and VCAM-1 on their surface, in response to

CCL21 stimulation. This might lead to increased in�ltration of lymph nodes by B-CLL cells,

and accumulation of CLL cells in proliferative centers resulting in enhanced progression of the

disease.
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Figure 5.5: ZAP70 expression enhances CCL21-mediated adhesion on pMBMECs.
(A/B) Quanti�cation of adhering (A) and detaching (B) cells on pMBMECs under �ow. pMBMECs grown
in �ow chambers were left untreated or were coated with CXCL12 (0.125µg/ml) or CCL21 (0.5µg/ml).
Mean ± SEM of four experiments for no chemokine and CXCL12 and of three experiments for CCL21.
(C-E) Quanti�cation of percentage of cells that detached, stayed stationary, crawled, or did TEM on
pMBMECs under �ow. pMBMECs grown in �ow chambers were left untreated (C) or coated with
CXCL12 (0.125µg/ml) (D) or CCL21 (0.5µg/ml) (E). Mean ± SEM of four experiments for no chemokine
and CXCL12 and of three experiments for CCL21.
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Figure 5.S3: CCL21 stimulation in�uences crawling behavior of OSU-CLL cells on pMB-
MECs. (A) Quanti�cation of x-FMI of OSU-CLL ZAP70 and OSU-CLL Vector cells crawling on pMB-
MECs under �ow with no chemokine or CCL21 (0.5µg/ml) or CXCL12 (0.125µg/ml) coating. Mean
± SEM of four experiments for no chemokine and CXCL12 and of three experiments for CCL21. (B)
Quanti�cation of velocity of OSU-CLL ZAP70 and OSU-CLL Vector cells crawling on pMBMECs under
�ow with no chemokine or CCL21 (0.5µg/ml) or CXCL12 (0.125µg/ml) coating. Mean ± SEM of four
experiments for no chemokine and CXCL12 and of three experiments for CCL21.

5.4 Discussion

B-CLL manifests in heterogeneous clinical courses, marked by di�erent severity of the disease.

Several prognostic markers are identi�ed to predict disease progression of an individual patient,

among them are the non-receptor tyrosine kinase ZAP70 [406] and the integrin α-chain CD49d

[409, 413]. ZAP70 in B-CLL cells, besides its role in BCR signaling [425, 430], on one hand, is

described to enhance migratory potential of B-CLL cells towards chemokines [408], and on the

other hand, increases adhesive properties of B-CLL cells [597]. Intriguingly, we recently found

ZAP70 as potential interaction partner of tyrosine phosphorylated CCR7 [192] and identi�ed a

role for ZAP70 in CCR7-mediated adhesion signaling to the integrin LFA-1 in T cells (described

in chapter 4 on page 97). Based on the literature and on our �ndings, we aimed to investigate

whether ZAP70 might be involved in chemokine receptor signaling to integrins in B-CLL. To

investigate this issue, we used the B-CLL cell line OSU-CLL. This cell line was established from

a B-CLL patient by EBV transformation. The OSU-CLL cell line expresses the typical B-CLL

markers, e.g. CD5, CD23, and CD19 [592]. Interestingly, ZAP70-expression was found in the

OSU-CLL cell line in early passages, but got lost over time in culture. Therefore, the OSU-CLL

cell line was stably transduced with ZAP70 and as control with empty vector by retroviral trans-

duction, making it a valuable tool to study the e�ect of ZAP70 expression on B-CLL cells [592].

In a patient sample B-CLL cells show various levels of expression of di�erent prognostic markers,

e.g. ZAP70 or CD49d. However, using the OSU-CLL cell lines for our experiments, we work
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with a homogeneous population of cells. As 100% of the cells express high levels of VLA-4 and

LFA-1, all cells possess three copies of chromosome 12 (trisomy 12), and either the cells are all

expressing ZAP70, or all cells are negative for ZAP70-expression.

The transition of rolling B cells to �rm arrest on HEVs can be induced either by CCR7-agonists

or by CXCL12, the ligand of CXCR4 [434, 531]. Thus, we conducted our experiments with lig-

ands for CCR7, CCL19 and CCL21, and CXCL12, the agonist for CXCR4. Moreover, we tested

the two integrin ligands VCAM-1 and ICAM-1, as it is suggested for B-CLL that the β1 integrin

VLA-4 and the β2 integrin LFA-1, which have a vital role in mediating tra�cking of normal

circulating lymphocytes, are also likely to play a similar regulatory role in B-CLL accumulation

in di�erent tissues [598]. Impressively, when we investigated CCR7 or CXCR4-induced adhesion

to the immobilized integrin ligands VCAM-1 or ICAM-1 under static conditions we found a sig-

ni�cant di�erence between ZAP70-expressing and vector control cells. This e�ect is not caused

by the in�uence of ZAP70 on chemokine-mediated a�nity regulation of VLA-4 or LFA-1, but

by the in�uence of ZAP70 in chemokine-mediated valency regulation. In the literature, a similar

e�ect is described for PI3K downstream of the chemokine receptors CCR7 and CXCR4. Here,

blocking of PI3K reduced chemokine-mediated valency regulation, whereby a�nity regulation

was not a�ected [376]. This was not only shown for chemokine receptor signaling, but also for

selectin-mediated �inside-out� signaling to β2 integrins on lymphocytes [599]. Interestingly, de-

pending on the density of ICAM-1, Constantin et al. observed a decrease of lymphocyte adhesion

under static and under shear-�ow conditions under PI3K inhibition, showing that clustering of

integrins might be a crucial step in adhesion to integrin ligands [376]. Noteworthy, the PI3K

δ inhibitor Idelalisib is successfully used to treat B-CLL [390]. Treatment of B-CLL patients

with this inhibitor leads to a rapid lymph node shrinkage, that might be caused by, on one hand,

increased apoptosis of B-CLL cells, and on the other hand, by interfering with integrin-mediated

B-CLL adhesion to endothelial cells, probably via disruption of chemokine receptor �inside-out�

signaling [390, 600].

Chemokine-primed integrins on lymphocytes need shear-forces to be promptly and optimally

activated to mediate lymphocyte arrest [150]. To mimic the in vivo situation, when B cells

adhere to HEVs under shear-�ow, we conducted �ow chamber assays. Interestingly, we obtained

di�erent results for the two chemokine receptors on the di�erent integrin-ligands. On ICAM-1

both, the OSU-CLL ZAP70 and vector cells barely adhered when no chemokine was present or

when the �ow chamber was coated with CXCL12. Remarkably, both, ZAP70 expressing and

vector control cells, adhered more when in addition to ICAM-1, the �ow chamber was coated

with CCL21. Remarkably, ZAP70 expressing cells adhered signi�cantly more on immobilized

ICAM-1 in presence of CCL21 coating, compared to vector cells, indicating that expression of

ZAP70 enhances the adhesion. The results on VCAM-1 are di�erent, here the amount of ad-

hering OSU-CLL vector cells was not increased in the presence of either CXCL12 or CCL21,

compared to samples without chemokine coating. But coating of both, CXCL12 or CCL21, led
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to a signi�cant increase of the number of adhering OSU-CLL ZAP70 cells, demonstrating that for

chemokine-induced arrest of B-CLL on immobilized VCAM-1 expression of ZAP70 is essential.

Di�erences in results obtained with the two integrin-ligands might be due to di�erent signaling

pathways of CCR7 and CXCR4 to β1 and β2 integrins.

Strikingly, our results are in part contrary to what was published by Ganghammer et al. [416],

who describe that trisomy 12-positive B-CLL are able to adhere to VCAM-1 under �ow in re-

sponse to CCL21 stimulation, but CXCL12 stimulation does not induce arrest on VCAM-1 [416].

However, they did not correlate this to ZAP70 expression. As the OSU-CLL cell lines have

the trisomy 12 genomic aberration [592], it would be expected that CXCL12 stimulation cannot

induce arrest on VCAM-1. This is the case for OSU-CLL vector cells, but these cells do also

not adhere to VCAM-1 in presence of CCL21, whereby OSU-CLL ZAP70 cells show increased

adhesion to VCAM-1 for both, CXCL12 and CCL21 coating.

Interestingly, for the �ow-chamber experiments on TNFα-treated pMBMECs, the results resem-

bled what we found for the �ow-chamber experiments on ICAM-1. This might be explained by

the dominant role of ICAM-1 in shear-resistant arrest of lymphocytes on HEVs, where VCAM-1

is described to be able to mediate arrest only to a low extend [594].

They major di�erence we observed for ZAP70-positve B-CLL in comparison to ZAP70-negative

B-CLL is enhanced arrest of ZAP70-expressing cells in response to CXCL12 and CCL21 on

VCAM-1 and in response to CCL21 on ICAM-1 and endothelial cells under �ow. It has to

be kept in mind that abrupt integrin activation, that is required for �rm arrest on endothelial

cells under �ow, involves simultaneous bi-directional activation of integrins through �inside-out�

signals, e.g. by chemokine receptors, and at the same time integrin ligand binding induces

�outside-in� signaling. Both, �inside-out� and �outside-in� signals are thought to cooperate to

instantly increase integrin adhesiveness [601, 602]. Moreover, it is important to mention that

ZAP70 is not only involved in chemokine mediated �inside-out� signaling, but it is also involved

in ligand-mediated �outside-in� signaling, as this was reported for T cells [551]. But, distinct

to what we found for B-CLL, Evans et al. state that ZAP70 is necessary for attachment of T

cells on ICAM-1 under shear �ow in absence of chemokines [551]. As we did not observe this

e�ect, it might be speculated that �outside-in� signaling is not the major cause for the e�ect in

arrest under �ow that we observe, but that �inside-out� signaling by CCR7, and for VCAM-1

also CXCR4, are the major factors that cause the increased arrest of ZAP70-positive B-CLL

under �ow.

As described above, the B-CLL cells of one patient do not homogeneously express, but rather

show variable expression patterns for the known prognostic markers. For example, for CD49d a

B-CLL sample is considered as positive, when >30% of the cells are CD49d-positive [409, 414],

meaning that the majority of the cells might be negative for CD49d surface expression. Moreover,

a di�erence of the percentage of B-CLL cells expressing a given prognostic marker is described

between di�erent tissues e.g. bone marrow, peripheral blood, and lymph nodes. This indicates
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that the population of B-CLL cells within a given patient, expressing a certain prognostic marker

behaves distinct to the population of B-CLL cells that do not express this marker. For example,

Liso et al describe for trisomy 12 positive patients, that there are signi�cantly more trisomy

12 B-CLL cells in the lymph nodes, compared to the percentage of trisomy 12 cells within the

peripheral blood or bone marrow [420]. Interestingly, B-CLL cells that are positive for trisomy

12 are shown to be also positive for CD49d expression with a high probability [414]. In addi-

tion, B-CLL cells in lymph nodes were shown to have more CD49d on their surface, compared

to B-CLL cells in peripheral blood [394]. Thus, it might be that trisomy 12 cells are enriched

lymph nodes due to the e�ects of higher CD49d expression. Studies investigating the variation

of ZAP70 expression in B-CLL cells in di�erent tissues are controversial. On one hand, there

are studies showing similar ZAP70 expression levels of B-CLL cells in bone marrow, peripheral

blood, and lymph nodes [407, 424, 587]. On the other hand, there are studies showing that

the ZAP70-expression of B-CLL cells is higher in lymph nodes and bone marrow, compared to

B-CLL cells in the peripheral blood [603, 604]. These inconsistent results might be explained

by the weak expression of ZAP70 by B-CLL with a continuous expression pattern rather than a

clear discrimination between positive and negative cells [587]. Moreover, the di�erent methods

that are used to determine ZAP70 expression in B-CLL samples, either using isotype control or

T/NK positive control to set the gate for �ow cytometry or measuring mean �uorescent intensity

(MFI) values might explain the discrepancies [587]. Furthermore, the determination of ZAP70

expression is shown to be in�uenced by factors like usage of di�erent monoclonal anti-ZAP70

antibodies and di�erent experimental conditions e.g. di�erent anticoagulants or permeabiliza-

tion methods [586, 587, 605]. Today the most common method used to discriminate between

ZAP70-positive and ZAP70-negative B-CLL samples is the measurement of MFI of ZAP70 in

B-CLL cells and calculating the ratio of MFI of ZAP70 in B-CLL cells and the MFI of ZAP70

expression in T cells of the same patient [606]. This MFI T/B ratio was also shown to have the

highest prognostic value [606]. Moreover, the variation of percentages of B-CLL cells expressing

prognostic markers within di�erent tissues might be underestimated as most studies evaluating

the predictive value the di�erent prognostic markers assess only peripheral blood B-CLL cells.

Thus, by not evaluating B-CLL cells in lymph nodes and bone marrow it is possible, that the

populations of B-CLL cells showing highest expression for e.g. ZAP70 or CD49d might be missed.

Moreover, for B-CLL cells in the lymph nodes, it is shown that they have a di�erent phenotype,

compared to B-CLL cells in the peripheral blood. While B-CLL cells in peripheral blood do not

show features of proliferation, B-CLL cells in lymph nodes are highly proliferative [394]. Thus,

Pasikowska et al. introduce the two-compartment model of disease in which B-CLL cells tra�c

between the peripheral vasculature and lymphoid tissues and show di�erent phenotypes [394].

As proliferation of B-CLL cells mainly occurs within lymph nodes and bone marrow, these tis-

sues are key sites for B-CLL pathogenesis [394, 607]. In B-CLL tra�c from peripheral blood to

secondary lymphoid tissues and bone marrow, integrins like VLA-4 and LFA-1, and chemokine
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receptor signaling to integrins via ZAP70, might play a major role, by allowing B-CLL cells

to arrest on endothelial cells, a step that is vital for the entry of B-CLL to lymph nodes and

bone marrow. Thus, it is of special importance to understand the molecular mechanisms of this

process. Our study contributes to the understanding of this process and identi�es ZAP70 as a

link between chemokine receptors and integrins, which are negative prognostic markers.

Noteworthy, in contrast to the situation in the patient, using the OSU-CLL line, we looked at a

population of B-CLL cells that all have trisomy 12, that is 100% positive for LFA-1 and VLA-4,

and either 100% of the population is positive for ZAP70 or all cells are ZAP70-de�cient. Thus,

the results obtained in this study, using the OSU-CLL cell line, might re�ect the behavior of a

fraction of cells within a patient, who possesses B-CLL cells with various expression levels of the

above-mentioned prognostic markers. Thus, it is obvious that the strong e�ects we observed are

derived from the uniform expression levels of the OSU-CLL cell line, and e�ects might be less

pronounced in B-CLL patient samples. However, in summary, we found a role for the negative

prognostic B-CLL marker ZAP70 in chemokine-mediated �inside-out� signaling of CCR7 and

CXCR4 to the β1 integrin VLA-4 and the β2 integrin LFA-1 to modulate valency regulation of

the integrins. Enhanced adhesion on endothelial cells under �ow conditions, that we found for the

CCR7 ligand CCL21, might explain the more aggressive disease of patients with ZAP70-positive

B-CLL, enabling more B-CLL cells to tra�c into lymph nodes where they enter proliferative

centers that are key sites involved in disease progression.

5.5 Materials and Methods

5.5.1 Materials

Recombinant human CCL19, CCL21 and CXCL12 were purchased from PeproTech. The follow-

ing antibodies were used: anti-CD11a antibody [EP1285Y] (ab52895) (abcam), anti-CD18 anti-

body [MEM-48] (ab657) (abcam), mAb24 anti-CD11+CD18 antibody [24] (ab13219) (abcam),

anti CD49d antibody [44H6] (ab220) (abcam), anti-CD29 antibody [P5D2] (ab24693) (abcam),

HUTS-21-PE (BD Biosciences). Protein A was purchased from Pierce. Human recombinant

ICAM-1-FC and human recombinant VCAM-1-FC were purchased from RD Systems. PP2 was

purchased from Merck-Millipore.

5.5.2 Cell lines

OSU-CLL, OSU-CLL vector and OSU-CLL ZAP70 expressing cell lines were a kind gift of

[592]. OSU-CLL cell lines were cultured at 37�, 5% CO2 and 95% humidity in RPMI sup-

plemented with 10% FCS, 1% Pen/Strep, 1% non-essential amino acids (Gibco), and 0.1% β-

Mercaptoethanol.
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5.5.3 Preparation of cell lysates

1x106 cells were lysed in NP-40 lysis bu�er (10mM Tris-HCl pH 7,6, 150mM NaCl, 1% NP-

40, supplemented with proteinase inhibitor mix (Roche)) for 30min on ice. Lysate was cleared

by centrifugation and total protein concentration was determined using 660nm Protein Assay

(Pierce). Total protein amount was adjusted and cell lysates were transferred to SDS-PAGE gels

and Western Blot analysis was performed using indicated antibodies.

5.5.4 Quantitative real-time PCR

Total RNA of OSU-CLL cells was isolated using the RNeasy Mini kit (Qiuagen) and transcribed

into cDNA using random hexamer primers and the Hi Capacity cDNA Reverse Transcription kit

(Applied Biosystems). Ampli�cation of transcripts was performed using the Fast SYBR Green

PCR Master Mix on a 7900HT Fast Real-Time PCR System (Applied Biosystems) according to

the manufacturerâs instructions. For detection of CCR7 and CXCR4 primer pairs were purchased

from Qiagen.

5.5.5 2D Migration assays

Cell migration on a 2-dimensional substrate was assessed by the 24-well TranswellTM systems and

polycarbonate �lters with a pore size of 5µm (Corning Costar). Brie�y, indicated concentrations

of either CCL19, CCL21 or CXCL12 were added to the lower compartment. And 1x105 cells were

put in the upper compartment and were allowed to migrate for 1h to the lower compartment.

Migrated cells were harvested and cell numbers were determined on a LSR II �ow cytometer

(BD Biosciences).

5.5.6 Flow cytometry analysis

For mAb24 binding studies, OSU-CLL vector or OSU-CLL ZAP70 expressing cells were stimu-

lated with 0.5µg/ml CCL19, CCL21 or 0.125µg/ml CXCL12 in presence of 0.9mug/ml mAb24

(anti-CD11a+CD18 antibody [24], ab13219 abcam) for 10min at 37�in HBSS. Subsequently,

cells were put on ice for 30min and �xed with 4%PFA. Then, staining with secondary goat-anti-

mouse IgG antibody coupled to Alexa647 (Life Technologies) in HBSS + 3% BSA was done,

cells were washed in HBSS and �uorescence was analyzed on a LSR II �ow cytometer (BD Bio-

sciences). Quanti�cation was done using FlowJo7 software.

For HUTS-21 binding studies, OSU-CLL vector or OSU-CLL ZAP70 expressing cells were stim-

ulated with 0.5µg/ml CCL19, CCL21 or 0.125µg/ml CXCL12 in presence of HUTS-21-PE (BD

Biosciences) or corresponding isotype control for 30min at 37�in HBSS. Cells were �xed in

4% PFA and washed in HBSS. Fluorescence was analyzed on a LSR II �ow cytometer (BD

Biosciences). Quanti�cation was done using FlowJo7 software.
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5.5.7 Integrin cluster analysis

OSU-CLL vector or OSU-CLL ZAP70 cells were put on poly-L-lysine coated coverslips and

where indicated were treated with PP2 (10µM) for 2h. Then, cells were stimulated for 10min

with 0.5µg/ml CCL19/CCL21 or 0.125µg/ml CXCL12. Cells were �xed in 4% PFA and im-

munostaining for CD11a or CD49d was done as described above. Confocal images were acquired

on a Leica TSC SP5 II laser scanning microscope using a 63x/1.4 NA oil-immersion objective

(Leica). Cluster analysis was done using the analyze particle tool for Image J.

5.5.8 Immobilized ICAM-1/VCAM-1 adhesion assay

For quanti�cation of adhesion of OSU-CLL vector or OSU-CLL ZAP70 cells do immobilized

ICAM-1 or VCAM-1, black 96-well plates with clear bottom were used (Costar). Plates were

pre-coated with 100µg/ml ProteinA in PBS over night at 4�. Then, plates were washed in

HBSS and coated with 10µg/ml ICAM-1-FC (Acro Biosystems) or VCAM-1-FC (RnD Systems)

in HBSS for 1,5h at 37�. Subsequently, plates were washed and blocked for 1h at 37�using

HBSS + 0.5% low-fat BSA (A7511, Sigma). Cells were stained with Vybrant® DiD cell labeling

solution (Thermo Fischer Scienti�c) according to the manufacturers protocol and stimulated

with 0.5µg/ml CCL19 or CCL21 or 0.125µg/ml CXCL12 or 10mM MgCl2 and let adhere on

immobilized ICAM-1-FC or VCAM-1-FC for 15 min in HBSS + 0.5% low- fat BSA. Then, plates

were washed 3-4 times and �uorescence was measured using a Tecantextsuperscript® Spark 1M

microplate reader. Percentage of adherent cells was calculated in relation to unwashed wells

(input).

5.5.9 pMBMECs

pMBMECs were isolated from VE-Cadherin-GFP mice [608] and stimulated with TNFα as

described in [595]. All assays were conducted in migration assay medium (DMEM, 5% calf

serum, 25mM HEPES) at 37�. All animal procedures were performed in accordance with the

Swiss legislation and on the protection of animals and were approved by the veterinary o�ce of

the Kanton of Bern.

5.5.10 Coating of cell-culture dishes with recombinant human ICAM-1/VCAM-1

Coating of cell-culture dishes with recombinant human ICAM-1 (RD Systems) or recombinant

human VCAM-1 (R&D Systems) was performed as described in [595]. Brie�y, cell-culture plates

were �rst coated (1h at 37�, 20µg/ml in PBS) with protein A (BioVision). Subsequently, plates

were coated with hICAM-1(7,7µg/ml in PBS) or hVCAM-1 (10.2µg/ml in PBS) for 2h at 37�.

To block, cell-culture plates were incubated with 1,5% BSA in PBS for 30 min. Prior to usage cell-

culture dishes were coated with CCL21 (0.5µg/ml) or CXCL12 (0.125mug/ml) or left untreated.
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5.5.11 Flow chamber assays

For live cell imaging under �ow, experimental setup was used as described in [595]. Brie�y, B-

CLL cells, stained with CellTrackerTM Red (Thermo�scher, 1µM) or CellTrackerTM DeepRed

(Thermo�scher, 0.5µM) were mixed 1:1 (1x106 cells/ml) and were allowed to accumulate on

immobilized hICAM-1, hVCAM-1 or pMBMECs for 3-4min at low shear stress (0.25dyn/cm2).

Then, OSU-CLL interactions with immobilized hICAM-1, hVCAM-1 or pMBMECs were recorded

under physiological shear stress (1,5dyn/cm2). Time-lapse-videos were generated from one frame

every 10 seconds for pMBMECs and one frame every 5 seconds for hICAM-1 and hVCAM-1.

5.5.12 Statistical analyses

Signi�cant di�erences between groups were assessed using Two-way ANOVA with Bonferroni

post-test using GraphPad Prism 6. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Concluding Discussion
The adaptive immune system is vital for our body to �ght against invading pathogens, but also for

the elimination of cancer cells. The chemokine receptor CCR7, and its ligands CCL19 and CCL21,

are essential for the coordination of the migration and localization of a diverse set of immune

cells to induce an adaptive immune response when needed, but at the same time to establish

and maintain tolerance towards self [108, 124]. To better understand how CCR7 mediates these

diverse cellular responses, we need to know the molecular mechanisms and downstream e�ectors

of CCR7 signaling and need to understand how CCR7 signaling of di�erent cell types can be

modulated. In the manuscripts included in this thesis, novel e�ectors in CCR7 signaling and

di�erent aspects of how CCR7 signaling can be modulated were investigated.

In the project that is described in chapter 2, the intracellular pool of CCR7 is investigated.

It is shown in this project that the intracellular receptor pool of CCR7 is regulated in a cell-

type and di�erentiation or maturation dependent manner. Furthermore, a function for the

intracellular CCR7 pool is described, as this receptor pool forms an endomembrane-speci�c

signaling complex, that promotes sustained polarized signaling that is needed for directional

migration (chapter 2 on page 37). In chapter 3 it is shown that glycosylation and sialylation

of CCR7 is varying, depending on the cell-type and di�erentiation or maturation state of the

cell. Moreover, glycosylation/sialylation of CCR7 modulates its signaling and endocytosis and

thus shapes the response of a certain cell type to CCR7 stimulation (chapter 3 on page 71). In

another study (chapter 4 on page 97), it is demonstrated that CCR7 heterodimerizes with the

TCR and is costimulatory during T cell priming. Furthermore, it is shown in this study that

CCR7 activates ZAP70 kinase and that costimulation of CCR7 and the TCR results in increased

and prolonged ZAP70 kinase activity (chapter 4). In addition, ZAP70 was identi�ed to be

involved in CCR7 signaling to integrins. In its function as adapter protein, ZAP70 is involved

in CCR7-mediated �inside-out� signaling, modulating LFA-1 clustering after CCR7 stimulation.

Besides its essential function in CCR7 costimulation in T cell priming and LFA-1 clustering in

T cells, in this dissertation ZAP70 is shown to play a role in chemokine induced arrest of B-CLL

cells on integrin-ligands and endothelial cells. This probably contributes to the more aggressive

disease of B-CLL patients that have high ZAP70 expression (chapter 5 on page 127). Altogether,

this dissertation sheds new light on how CCR7 signaling can be modulated, depending on the cell

type, to �ne-tune the cellular response, enabling di�erent cell types to conduct diverse functions,

depending on CCR7. Moreover, new aspects of how CCR7 can act as costimulatory molecule are

described. In addition, herein ZAP70 is identi�ed as a new player in CCR7-mediated �inside-out�

signaling to integrins, contributing to normal T cell function, but also to the pathomechanism

of ZAP70-positive B-CLL.

149



6 Concluding Discussion

6.1 CCR7 glycosylation - �ne-tuning of cellular responses

Nearly all cell-surface proteins are glycosylated, and many aspects of innate and adaptive immu-

nity rely on glycosylation [494]. Also, the chemokine receptor CCR7 is glycosylated, and it was

previously shown that CCR7 is sialylated [172]. Sialylation describes the transfer of sialic acid,

a monosaccharide derived from neuraminic acid, on the terminal position of oligosaccharides of

glycoproteins [609]. In our study, investigating the e�ect of CCR7 glycosylation on di�erent

immune cells, we started with a bioinformatics analysis that predicted CCR7 to be N- and O-

glycosylated (chapter 3 on page 71). Indeed, we could show that CCR7 is sialylated by N-linked

glycosylation on the residues N36 and N292 in the N-terminus and ECL3, respectively (Chapter

3 on page 71). Moreover, we show that distinct subsets of CCR7-expressing immune cells ex-

press CCR7 with di�erent sialylation patterns. For example, naive T cells show low sialylation of

CCR7, but e�ector/memory T cells or freshly isolated B cells showed high sialylation of CCR7.

Glycosylation and sialylation in�uence CCR7 ligand-binding, and modeling showed that this

might be explained via sterical hindrance, rendering the receptor less sensitive to low chemokine

concentrations. Based on this, we suppose that this might be a way to �ne-tune chemotactic

responses towards CCR7 ligands. Adding another layer to the complexity of CCR7 glycosylation,

we could also show that mature DCs secrete enzymes that deglycosylate CCR7, enhancing the

sensitivity of highly glycosylated CCR7 to its ligands and decreasing endocytosis after ligand

binding. Moreover, we provide evidence that deglycosylation of CCR7 on T cells might support

T cell migration towards mature DCs improving the scanning of DCs by T cells within lymph

nodes.

Besides our study, there was a recent publication reporting about the polysialylation of CCR7 on

murine dendritic cells [173], describing e�ects of CCR7 polysialylation that are partially contra-

dictory to what we found. Kiermaier et al. suppose a model where sialylation of CCR7 on DCs

is required for cellular response and migration towards CCL21, but not CCL19 or a C-terminally

truncated version of CCL21. They show that polysialylation of CCR7 on dendritic cells in mice

is made by the polysialyl transferase ST8SiaIV and that polysialylation of dendritic cells is upreg-

ulated under in�ammatory conditions [173]. Moreover, they demonstrate that polysialylation of

CCR7 occurs on both, N- and O-linked glycans [173], what is in contrary to what we found in the

human system, as we could demonstrate that CCR7 is sialylated on N-linked glycans [60]. Mice

de�cient of ST8SiaIV show no polysialylation of proteins on DCs and the DCs do not respond

to CCL21 stimulation, while normally responding to CCL19 or a C-terminally truncated version

of CCL21 [173]. They propose an autoinhibitory model for this speci�c e�ect for CCL21. In

this model, the C-terminal positively charged tail of CCL21 inhibits CCL21 activity. CCL21 can

be released from autoinhibition when the CCL21 C-terminal tail is bound by polysialic acid on

CCR7 resulting in the active conformation of CCL21 [173]. Supporting their results, they show

that a chimeric chemokine consisting of CCL19 with the CCL21 C-terminal tail shows the same
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properties as CCL21 [173]. Binding of the C-terminal tail of CCL21 to polysialylated proteins

was also proposed by another group. Rey-Gallardo et al. showed that neuropilin-2 is polysia-

lylated on human mature DCs. Furthermore, they demonstrate that polysialylation is required

for migration of human mature DCs towards CCL21 [610]. They propose a mechanism, where

polysialylated neuropilin-2 acts as binding molecule for CCL21, facilitating CCL21 binding to

CCR7 [610]. However, Kiermaier et al. showed that DCs de�cient of neuropilin-2 migrated

normally towards CCL21 [173]. As, besides neuropilin-2 [611, 612], only CCR7 is described to

be polysialylated on DCs, they suggest that the C-terminal tail of CCL21 interacts with polysia-

lylated CCR7 [173].

Consistent with what we showed, Kiermaier et al. show no polysialylation of naive T cells, but

contrary to our results, they also detect no polysialylation on B cells [173]. We could detect

sialylation of CCR7 on B cells, however sialylation of CCR7 on B cells was weaker compared

sialylation of CCR7 on activated T cells [487].

Recently, another study reported, that a truncated version of CCL21, lacking the charged C-

terminal tail, has increased potency to induce DC migration, compared to full-length CCL21

[360]. Contrary to what is shown by Kiermaier et al., they show that removal of polysialic acids

from the cell-surface does not in�uence migration of DCs towards full-length CCL21 [360]. They

suggest, that the interaction of the C-terminal tail of CCL21 with polysialic acid is needed for

strong Erk1/2 signaling, but not for cell migration, as removal of polysialic acid from the cell

surface by neuraminidase-treatment impaired Erk1/2 signaling of full-length CCL21, but not the

C-terminally truncated CCL21, while cell-migration was not signi�cantly impaired [360]. The

di�erences in the results we (chapter 3 on page 71), Kiermaier et al. [173], and Hjortø et al.

[360] obtained might be explained by the fact that the di�erent studies were conducted using

di�erent cell types from di�erent organisms (human and mouse). Noteworthy, it is reported

that there are di�erences in sialylation of cells of the hematopoietic lineage in mice and humans

[613]. Moreover, Kiermaier et al. looked at CCR7 that is glycosylated and sialylated or not

sialylated, but still glycosylated when working with ST8SiaIV de�cient mice [173], Hjortø et al.

used neuraminidase to remove the polysialylation of proteins on the cell surface [360], and we

used PNGase F treatment to deglycosylate CCR7 or used CCR7 mutants that are no longer

N-glycosylated. Thus, it is hardly possible to compare the results of these studies and to state a

general mechanism further studies need to be conducted.

Besides the modulation of CCR7 signaling of immune cells, sialylation of CCR7 is described to

a�ect the response of cancer cells, expressing CCR7, to simulation with CCR7 ligands. Su et al.

show that CCR7 is highly sialylated in breast tumor tissues and on breast tumor cell lines. This

sialylation is mediated by α-sialyltransferase, that is shown to be able to catalyze sialylation of

glycoproteins in vivo [172]. Opposing, to what is shown in other studies described above, Su and

colleagues show that inhibition of sialylation reduced CCL19-induced CCR7 signaling, lowering

CCL19-promoted cell growth, invasion, and pro-survival signals [172].
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In summary, the studies by Su et al. [172], Kiermaier et al. [173], Hjortø et al. [360], and our

study [487] (chapter 3), show that glycosylation and sialylation of CCR7 is a way how, depending

on the cell type, maturation or di�erentiation state, and on the organism, the signaling of CCR7

and its responsiveness to its ligands can be modulated. Another layer how CCR7 signaling can

be modulated is via the cellular distribution of the receptor, enabling the receptor e.g. to signal

from endomembranes.

6.2 CCR7 signaling on endomembranes

The recently emerging concept of endomembrane signaling by GPCRs challenges the old

paradigm of GPCR signaling from the plasma membrane. It adds a new layer to the mecha-

nisms of GPCR signaling and leads to the understanding that GPCRs not only signal from the

plasma membrane, but that GPCR internalization has a more complex function in GPCR signal-

ing, besides desensitization. As β-arrestin recruitment to GPCRs also results in internalization

and endosomal signaling by the GPCR [477, 478].

Endomembrane signaling of GPCRs, so far, was mainly studied for well-characterized GPCRs

that couple to Gαs, e.g. parathyroid hormone receptor (PTHR) [614], vasopressin receptor type

2 (V2R) [615], corticotropin-releasing hormone receptor 1 (CRHR1) [616], and β2 adrenergic

receptor (β2-AR) [456]. However, endosomal G protein-dependent signaling was also described

for S1P1, that couples to Gαi [455, 456, 479] (as described in chapter 2 on page 37). To our

knowledge, until today endosomal signaling was not shown for chemokine receptors. Moreover,

we show an endosomal signaling complex that conducts signaling in a β-arrestin-Src dependent

manner and is independent of G protein coupling.

β-arrestin mediated signaling on endomembranes was also shown in a study by Shenoy et al.,

who supposed that β2-AR signaling can be mediated in a β-arrestin-dependent manner, indepen-

dent of G protein signaling. They demonstrated that β2-AR signaling from endosomes results

in β-arrestin mediated activation of MAPK, that is independent of G protein coupling and sepa-

rated spatially and temporally from G protein signaling [483]. They show that while G protein

dependent signaling from the plasma membrane is fast and transient, β-arrestin signaling from

endosomes is initiated later, compared to G protein signaling, but is more sustained [483]. We

now provide evidence for a complex of CCR7, β-arrestin and Src kinase, enabling CCR7 to signal

from endomembranes. Interestingly, it is described, that interaction of GPCRs and β-arrestins

are rather stable. Thus, di�erent to GPCR-G protein interaction, which is transient, GPCR-β-

arrestin complexes can persist from minutes to hours [617], allowing sustained signaling for this

time-scale, as it was also described for β2-AR [483]. It is suggested, that intracellular, sustained,

GPCR signaling is important in biological responses, e.g. sustained directional migration, that

are di�erent from those that are initiated from receptors at the plasma membrane [477, 478].

This can also be applied to CCR7, as sustained signaling from endomembranes can explain how
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cells can migrate directionally along a gradient of CCR7 ligands for hours, while CCR7 is in-

ternalized minutes after ligand-binding. Supporting this hypothesis, it was shown before, that

β-arrestin signaling by chemokine receptors is important for cell migration. As T and B cells

of β-arrestin2 de�cient mice showed impaired directional migration towards CXCL12, despite

their ability to signal via G proteins [617, 618]. Moreover, in human cell lines, overexpression

of β-arrestin2 led to an increase in directional migration towards CXCL12, whereby knockdown

of β-arrestin2 resulted in a decrease of chemotaxis towards the ligand of CXCR4 [619]. Thus,

for directional migration guided by CXCR4, not only G protein dependent signaling is essential,

but also β-arrestin2 mediated signaling and receptor internalization and recycling are important

[617�619].

In our experiments we observed a complex, consisting of CCR7, β-arrestin2, and Src. Interest-

ingly, Src tyrosine kinase was already reported to be involved in chemokine-mediated signaling.

It was shown for e�ector T cells, that arrest and transmigration through in�amed vessels, medi-

ated by chemokines, is not dependent on Gαi, but depends on Src kinase [620]. Moreover, Hauser

et al. proposed that the chemokine receptor CCR7 is able to interact with and to activate Src

kinase [192]. Src family kinases (SFKs) are described to associate with GPCRs in di�erent ways.

Either they directly interact with the intracellular domains of GPCRs, or they associate with

GPCR-interacting proteins like G proteins and β-arrestins [621]. One example, where a SFK

is interacting with β-arrestin after chemokine receptor stimulation is the chemokine receptor

CXCR1, for which it is shown that β-arrestin2 and the SFK Hck are interacting after ligand

binding [622].

As mentioned above, β-arrestins might orchestrate GPCR signaling not only by temporal, but

also by spatial segregation of GPCR signaling mediated by G proteins and G protein independent

signaling mechanisms via β-arrestins [482, 483, 623]. Interestingly, formation of β-arrestin-Src

complexes at endosomal GPCRs were shown to be able to induce a �second wave� of GPCR

signaling that is temporally and spatially distinct from GPCR mediated G protein-dependent

signaling [621]. Moreover, recent studies indicate that GPCRs can impose distinct conforma-

tional changes of β-arrestins, and that active conformations of β-arrestins are maintained after

dissociation of β-arrestin from the receptor [479, 481]. It is suggested that β-arrestins after dis-

sociation from the GPCR exert receptor-independent actions before returning to their inactive

state [479, 624]. In addition, it is proposed that after dissociation from a GPCR, the active

β-arrestin might binds to e�ectors or other receptors, resulting in ampli�cation of the signal [479,

482].

In chapter 2 we demonstrate that CCR7 interacts with β-arrestin and Src on endosomes, this

complex, via the endocytic route, is translocated to the TGN. There, the intracellular pool of

CCR7 can become tyrosine phosphorylated by Src kinase, initiating an endomembrane-speci�c

CCR7 signaling complex by recruiting Vav1 and its e�ector Rac1. Based on our data, we propose

a model, where the intracellular pool of CCR7, and the endomembrane-speci�c CCR7 signaling
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complex, are important for sustained CCR7 signaling during cell migration, using the Golgi as

�compass� to mediate sustained tra�cking of active signaling complexes to the leading edge of

migrating cells (summarized in Figure 2.S4 on page 59). As described above, the endomembrane-

speci�c signaling complex contains the Rho GEF Vav1, that was previously described to be

involved in chemokine receptor signaling.

6.3 The Rho GEF Vav1 in CCR7 signaling

The Rho GEF Vav1 is known to be involved in signaling of chemokine receptors. Di�erent

studies implicated a role for Vav1 in signaling of the chemokine receptor CXCR4. Vav1 is

demonstrated to become phosphorylated downstream of CXCR4 [245, 577]. Moreover, Vav1 was

shown to be essential for activation of the small GTPase Rac1 after stimulation with CXCL12

[245]. Another study showed that after stimulation of CXCR4, Vav1 is redistributed and shows

a bipolar distribution, colocalizing partially with CXCR4 at the leading edge [625]. The same

study demonstrated, that only Vav1 at the leading edge, and not at the uropod, is tyrosine

phosphorylated and activates Rac1 that mediates cytoskeletal rearrangements required for cell

polarization and migration [625]. Until now, the only hint that Vav1 is involved in CCR7 signaling

is by Garcia-Bernal et al. they describe a role for Vav1 in CCR7 �inside-out� signaling to β1

integrins [552]. However, another GEF for Rac1, DOCK2 was reported to be involved in CCR7

signaling [367, 626, 627]. DOCK2 belongs to the DOCK-A family of GEFs. Its expression is

restricted to cells of hematopoietic origin, and it regulates activation and migration of leukocytes

through its GEF activity for Rac1 [628]. DOCK2-de�cient T and B cells failed to activate Rac1

after CCR7 stimulation, showed impaired migration towards CCR7 ligands, defects in homing

to lymph nodes, and in CCL21 induced costimulation in T cell priming [367, 626, 627]. However,

the studies investigating DOCK2 downstream of CCR7 were conducted in mice.

Recently, Hauser et al. identi�ed Vav1 in a screen as a potential interaction partner of tyrosine

phosphorylated CCR7 in a human cell line [192]. In chapter 2 (on page 37) we con�rmed this

interaction and showed that Vav1, via its SH2 domain, interacts with phosphorylated Tyr155

within the DRY motif of CCR7. Surprisingly, we observed the interaction mainly taking place at

endomembranes. Moreover, depending on Vav1, we show that Rac1 is recruited to this complex,

that is recycled towards the plasma membrane. Interestingly, one other study showed that Rac1

is localized to and activated on vesicular structures. Palamidessi et al. showed that downstream

of growth factor receptors, tra�cking of Rac1 in Rab5-positive vesicles is essential for activation

and spatial regulation of Rac1 activity [458]. Unfortunately, they did not �nd a role for Vav1

in this process, as there was no colocalization of Vav1 with Rab5 positive vesicles. But, another

GEF, TIAM-1 was shown to be essential in this process to activate Rac1 on Rab5-positive

vesicles [458]. However, the experiments conducted in this study were done using hepatocyte

growth factor (HGF) stimulation of HGF receptor (HGFR). HGFR is a receptor tyrosine kinase,
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and signaling might be di�erent from signaling conducted by GPCRs, this might explain why

they did not �nd a role for Vav1. Palamidessi et al. suppose that after becoming activated on

Rab5 positive endosomes, active Rac1 is recycled to the plasma membrane to mediate spatially

restricted remodeling of the actin cytoskeleton, that is essential for formation of lamellipods and

cell migration [458].

Intriguingly, as described above, Vav1 was implicated in �inside-out� signaling of the chemokine

receptor CXCR4 to β1 integrins [245, 577]. Moreover, we could observe a colocalization of Vav1

and the focal adhesion marker vinculin after stimulation of CCR7. Despite this, we could not

show an essential role for Vav1 in CCR7 �inside-out� signaling to integrins (data not shown).

However, we found a vital role for ZAP70 in CCR7-mediated signaling to LFA-1 in T cells and

to LFA-1 and VLA-4 in B-CLL B cells, regulating clustering of the integrins (chapter 4 and 5).

6.4 Novel insights into CCR7 signaling to integrins

CCR7 �inside-out� signaling was, so far, mainly studied for the β2 integrin LFA-1 (summarized

in Figure 1.7 on page 30). However, there are also studies investigating the molecular mecha-

nisms of CCR7 signaling to β1 integrins, e.g. VLA-4. Garcia-Bernal et al. demonstrated that

for the two chemokine receptors CCR7 and CXCR4 talin, Vav1, and ZAP70 are important for

�inside-out� signaling to VLA-4 to regulate a�nity. However, they did not look at clustering

of the integrin [552]. They show that at steady state Vav1 and talin are in a complex. Here,

it is supposed that Vav1 might act as a suppressive adaptor of talin, until, upon stimulation

with chemokines, Vav1 interacts with and becomes phosphorylated by ZAP70, and dissociates

from talin [552]. Talin is then free to bind to the cytoplasmic tail of the β1 integrin [552]. Talin

binding to the cytoplasmic tail of β1 integrins is an important step in a�nity regulation of this

integrin, by linking the integrin to the actin cytoskeleton [629]. Additionally, another study im-

plicated a role for GM-CSF/ IL-3/ IL-5 receptor common beta-chain associated protein (CBAP)

in the complex of ZAP70, Vav1 and talin, in �inside-out� signaling of both, CCR7 and CXCR4,

to VLA-4 [630]. Chiang et al. hypothesize that CBAP is important for the recruitment of the

talin-Vav1 complex to the cytoplasmic tail of the β1 chain to facilitate the ZAP70-mediated

dissociation of the talin-Vav1 complex [630]. They show that CBAP de�cient T cells are less

adhesive to ICAM-1 and VCAM-1 after stimulation with chemokines, implying also a role in

�inside-out� signaling to β2 integrins. Supporting the role of CBAP in �inside-out� signaling to

both, β1 and β2, integrins on CBAP de�cient T cells showed reduced a�nity regulation, of both

integrins, after chemokine stimulation [630]. Moreover, they demonstrate that CBAP de�cient

T cells have reduced migration capability towards CCL21 and CXCL12 in transwell assays [630].

In addition, T cells de�cient of CBAP also show impaired homing into lymph nodes, a process

where proper signaling of chemokine receptors to integrins is essential [630]. In this study a�nity

regulation of the integrins, but not clustering of integrins was investigated [630]. It is obvious to
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speculate that Chiang and colleagues might look at a pathway that is distinct to what we are

looking at (chapter 4 and 5). They do not investigate whether ZAP70 is essential for the signal

pathway regulating clustering of β1 and β2 downstream of CXCR4 and CCR7 [630]. Moreover,

they describe a defect in a�nity regulation of integrins of CBAP knockout cells, downstream of

chemokine receptors, that we do not observe in ZAP70 knockout T cells. Thus, it might be that

we observed a distinct pathway (chapter 4 and chapter 5) to the one that is described here [552,

630].

As described in section 1.5 (on page 27) for CCR7 �inside-out� signaling to the integrin LFA-1,

two signaling modules containing ADAP/SKAP55 are described [389]. Interestingly, it seems

that, at least one ADAP/SKAP55 module, interacting with RIAM and Rap1, is also involved in

CXCR4 mediated �inside-out� signaling to LFA-1 [543]. Thus, it is tempting to speculate, that at

least some of the pathways, regulating integrin a�nity and clustering of β1 [630] or β2 integrins

[543], are the same for both, CCR7 and CXCR4 chemokine receptors. Moreover, there might be

a link between the ZAP70-dependent pathway we describe, and the ADAP/SKAP55 dependent

pathways that are described for CCR7 [389] and CXCR4 [543]. It is described that ADAP is

phosphorylated downstream of CXCR4 at Tyr571, leading to the recruitment of ZAP70 to tyro-

sine phosphorylated ADAP that is in complex with SKAP55 [631]. However, while knockdown

of ADAP reduced CXCL12-mediated adhesion to ICAM-1 and lowered directional migration to-

wards CXCL12, the ADAP Y517F mutant sowed di�erent e�ects [631]. T cells, expressing the

Y517F mutant of ADAP showed reduced migration, comparable to ADAP knockdown cells, but

the Y517F mutant did not reduce CXCL12-mediated adhesion to ICAM-1 [631]. Thus, ZAP70

recruitment to phospho-Tyr517 of ADAP is important for directional migration towards CXCL12,

but is dispensable for adhesion to the LFA-1 ligand ICAM-1 [631].

Besides its role in �inside-out� signaling from chemokine receptors to integrins, ZAP70 is also

described to be involved in �outside-in� integrin signaling events. ZAP70 is reported to be

constantly, independent of tyrosine phosphorylation, interacting with integrin β chains [632].

Moreover, Evans et al. show that �outside-in� signaling, induced by LFA-1-ICAM-1 binding

leads to the phosphorylation of ZAP70 by Lck, that is also constantly associated with LFA-1

[551]. Furthermore, they show that ZAP70 is essential for LFA-1 mediated �outside-in� signaling,

as signaling was blocked upon inhibition of ZAP70 [551]. An earlier study, �tting to what was

shown by Evans et al., showed that in transwell migration through ICAM-1 coated membranes,

LFA-1 engagement triggers ZAP70 activity, that is essential for directional migration towards

low concentrations of CXCL12 (1ng/ml), but for directional migration towards high CXCL12

concentrations (100ng/ml) ZAP70 activity was dispensable [633]. In conclusion, in addition to

the role of ZAP70 in �inside-out� signaling that is described [552, 630] and that we found in our

study (chapter 4 and 5), ZAP70 is also critically involved in �outside-in� signaling. It is tempting

to speculate, that ZAP70 by being involved in both, �inside-out� and �outside-in�, signaling to

and from integrins makes an essential contribution for integrin-dependent migration of lympho-
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cytes in presence and absence of chemokine stimulation.

Besides their role in cell adhesion and migration, integrins, especially LFA-1, have an important

role in T cell priming and formation of the immunological synapse [634]. LFA-1 is contribut-

ing in several ways to this process, for example LFA-1 �outside-in� signaling is described to act

costimulatory on T cell priming [634]. Moreover, �outside-in� signaling by LFA-1 was shown to

lower the threshold for T cell activation [546].

6.5 CCR7 in the immunological synapse - an underestimated

player

In the past, there were studies demonstrating that CCR7 is not interacting with the TCR [557]

and CCR7 was shown to be excluded from the immunological synapse (IS) [556]. However, several

studies in mice showed that CCR7 acts costimulatory on T cell activation [367, 368]. Moreover,

a crosstalk between the TCR and CCR7 was described [364]. These studies prompted us to

reinvestigate the localization of CCR7 at the IS and its interaction with the TCR. In contrast

to what was shown by Molon et al. [556], using a di�erent experimental setup, we observed

CCR7 localization at the IS (chapter 4 on page 97). In addition, we showed a role for CCR7 in

costimulation of T cell priming in a human system. And contrary to what was shown by Kumar

et al [557], we observed CCR7 in close proximity to the TCR. Colocalization of CCR7 and the

TCR increased after stimulation of CCR7 or TCR alone, and increased more when costimulation

of CCR7 and TCR was made (chapter 4). The same we could show for colocalization of ZAP70

and CCR7. Interestingly, investigating the interaction between CCR7 and TCR or CCR7 and

ZAP70 in immunological synapses, in presence of chemokines CCR7 colocalization with either

the TCR or ZAP70 was mostly found in sub-synaptic vesicles.

During the last years, several vesicular pathways have been implicated in the assembly and main-

tenance of the immunological synapse [635]. The microtubule organizing center (MTOC), that

is important for vesicle tra�c along microtubules, is shown to be reoriented and positioned be-

hind the immunological synapse during the formation of the immunological synapse in a manner

dependent on TCR signaling [572, 636]. The orientation and positioning of the MTOC behind

the immunological synapse contributes to maintenance and organization of the immunological

synapse, giving a directionality for vesicle transport to and from the immunological synapse

[572]. Moreover, reorientation and positioning of the MTOC leads to the reorientation of the

Golgi apparatus towards the immunological synapse [572]. The orientation of the Golgi appara-

tus is important for maintenance of the immunological synapse as it, for example, has a critical

role in endosomal recycling pathways [572]. It has been supposed that sub-synaptic vesicles

might contribute to signaling at the IS in several ways, e.g. by delivering and removing of sig-

naling molecules and by acting as signaling platforms themselves [572]. Vesicular transport at

the immunological synapse might ensure the long-lasting signaling that is required for full T cell
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activation [291, 635, 637]. Among the molecules that are transported in vesicles, besides e.g.

LAT and Lck, is the TCR [635]. The TCR is, also in steady state, constantly recycled and this

is thought to ful�ll two functions. First, quality control of TCRs, and second, the formation of

an intracellular pool of the TCR that is able to be rapidly polarized to the site of immunological

synapse formation [635].

According to the old model, after engagement with pMHC, TCRs are internalized, they are de-

graded and thereby provide space for incoming TCRs [635]. Recently, several studies provided

evidence, that TCR internalization has additional roles, besides the canonical function of signal

termination. They provide evidence that internalized TCRs continue to signal within intracellu-

lar compartments e.g. within endosomes [571, 635, 638]. Furthermore, besides signaling within

the T cell, internalized TCRs within vesicular structures are reported to conduct transcellular

communication via the delivery of internalized TCRs to APCs in microvesicles [635, 639].

Interestingly, among the molecules that are reported to be localized in vesicular structures at

the immunological synapse is also the chemokine receptor CXCR4. Several studies showed that

CXCR4 is enriched at the immunological synapse [556, 557, 576] and that it colocalizes with

the TCR at the plasma membrane and on endosomes [635, 640]. CXCR4 is shown to contribute

to assembly and maintenance of the immunological synapse and through signaling by Gαi and

janus-activated kinases 1/2 (JAK1/2) and by promoting local actin polymerization and polariza-

tion of the centrosome [635, 641]. Interestingly, CXCR4 can take two routes after ligand binding:

either CXCR4 is sorted to lysosomes for degradation [642�644], or it is sorted, depending on Rho

and Gα13 signaling, to Rab11-positive recycling endosomes that also contain the TCR [635, 640,

645]. Moreover, CXCR4 is reported to act costimulatory on T cell activation [569].

Re�ecting what is described for CXCR4, we also observed a colocalization of CCR7 and the TCR

in vesicular structures behind the immunological synapse. Due to its localization in sub-synaptic

vesicles, together with the TCR and ZAP70, it is tempting to speculate that CCR7, like CXCR4,

might also contribute to the assembly and maintenance of the immunological synapse. Interest-

ingly, as for CXCR4, CCR7 is also described to signal via JAKs [646�648]. In mammals, there

are 4 family members of the JAK kinases: JAK1, JAK2, JAK3, and TYR2 [649]. All members

of the JAKs are ubiquitously expressed, except for JAK3 whose expression is restricted to cells

of the lymphoid lineage [649]. For CCR7, JAK1, JAK2, and JAK3 were shown to be involved

in signaling, and seem to have non-redundant roles. However, pharmacological inhibition or

knockout of either JAK had the same e�ects. Inhibition or knockdown of either JAK1, JAK2,

or JAK3, resulted in inhibition of the chemotactic response to CCR7 ligands, and prevented

CCR7-induced adhesion to integrin ligands, as re�ected by defective homing of T cells to lymph

nodes [646�648]. Thus, signaling via JAKs might be one pathway how CCR7, as does CXCR4,

contributes to assembly and maintenance of the immunological synapse.

What is also arguing for a role for CCR7 in formation of and signaling in the immunological

synapse, is the costimulatory e�ect of CCR7 ligand-binding on T cell priming. We could show
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for the �rst time in human primary T cells, that CCR7 has costimulatory activity during T

cell activation. In contrast to what was shown in mice by Gollmer et al. [367], CCR7 stimula-

tion seems not to lower the threshold for T cell activation, at least in the experimental system

using CD3/CD28-coated beads for TCR stimulation (chapter 4). One mechanism, how CCR7

might contribute to costimulation of T cells is via activation of ZAP70 kinase. We show that

costimulation of CCR7 and the TCR results in increased and prolonged ZAP70 kinase activity,

compared to single stimulation of CCR7 or TCR. Fittingly, to the stronger costimulatory e�ect

of CCL21, also for CCL21 stimulation together with the TCR, ZAP70 kinase activity was more

increased and more prolonged, compared to stimulation of CCR7 with CCL19 together with

TCR stimulation. Increased and prolonged ZAP70 kinase activity, by costimulation of CCR7

and TCR, a�ects all downstream pathways of TCR signaling, as ZAP70 is one of the most up-

stream elements in TCR signaling. Thus, increased and prolonged ZAP70 kinase activity might

boost TCR signaling resulting in the costimulatory e�ect of CCR7 we observed for T cell priming.

Moreover, we could show that CCR7 stimulation leads, depending on ZAP70 as adapter protein

and independent of ZAP70 kinase activity, to clustering of LFA-1 (discussed in section 6.4 on

page 155). LFA-1 clusters are important for the formation of the IS and moreover, as described

above, LFA-1 is a costimulatory molecule itself and is described to lower the threshold for T cell

activation [546, 634]. Altering the threshold can have a severe impact on T cell activation. As

activation of T-cells via their TCR is a switch-like digital all-or-non response. Thus, lowering

the threshold might result in an increased number of activated T cells (as reviewed in [650]).

The TCR itself is conducting �inside-out� signaling to LFA-1, resulting in high-a�nity confor-

mation of LFA-1 [582, 651]. Moreover, Springer et al. speculate that chemokines and TCR act

together in this process. They propose that CCL21 induced clustering of LFA-1 allows the for-

mation of intervening LFA-1-free areas, where smaller molecules as the TCR can interact [582].

This �ts to what was observed in another study, where micro-adhesion rings, composed of LFA-1,

were found to surround TCR microclusters at early stages of immunological synapse formation

[328, 329]. These LFA-1 micro-adhesion rings surrounding TCR microclusters, might contribute

to immunological synapse formation and T cell priming in two ways, by signaling themselves

via �outside-in� signaling, and by stabilizing the weak interaction between TCR and pMHC to

promote a stable cell-cell contact between T cell and APC [328].

In summary, we could show that CCR7 is localized at the immune synapse in sub-synaptic vesi-

cles and colocalizes with the TCR and ZAP70. We suppose that CCR7 is involved in formation

and stabilization of the immunological synapse and that it acts as costimulatory molecule in T

cell activation. Based on our results it can be speculated that CCR7 conducts these functions

partially via ZAP70. On one hand, CCR7 stimulation, and even more enhanced, costimulation

with the TCR, leads to increased and prolonged ZAP70 kinase activity, resulting in a enhanced

activation of all downstream e�ectors of the TCR. On the other hand, via ZAP70 as adapter

protein, CCR7 regulates clustering of LFA-1, that by stabilizing the interaction between T cell
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and APC and supporting signaling by TCR microclusters, might be involved in formation and

stabilization of the immunological synapse (summarized in Figure 6.1). However, LFA-1 valency

regulation, mediated by ZAP70 downstream of CCR7, might not only in�uence the process of

immunological synapse formation and T cell priming, it might also in�uence the adhesion of

lymphocytes on other cells e.g. endothelial cells. We could show for B-CLL cells that adhesion

on chemokine-coated endothelial cells or immobilized ICAM-1 or VCAM-1 is more e�ective if

the cells express ZAP70, a negative prognostic marker in this B cell leukemia.

Figure 6.1: ZAP70 in CCR7 signaling is act-
ing as kinase and adapter protein. On one hand,
ZAP70 is phosphorylated downstream of CCR7
signaling and works as adapter in CCR7-induced
clustering of LFA-1. This might support the ad-
hesion of T cells to APCs and supports signal-
ing by TCR microclusters. On the other hand,
ZAP70 kinase is activated after CCR7 stimula-
tion. ZAP70 kinase activity is enhanced and pro-
longed when CCR7 and TCR are costimulated.
ZAP70 is one of the most-upstream elements in
TCR signaling, increased ZAP70 kinase activity
might in�uence all downstream signaling e�ectors
of the TCR leading to enhanced signaling of the
TCR. This contributes to the costimulatory activ-
ity of CCR7 on T cell activation.

6.6 ZAP70 kinase in CCR7 signaling - good in T cells - bad in

B-CLL cells

In this dissertation, we identi�ed ZAP70, that is normally expressed in T cells, as interaction part-

ner of CCR7. We found that ZAP70 in its function as adapter protein is vital for CCR7-mediated

clustering of integrins, whereby ZAP70 is dispensable for CCR7 induced a�nity regulation (chap-

ter 4 on page 97). Interestingly, ZAP70 is a negative prognostic marker in B-CLL [406, 407, 423,

424], but the underlying mechanisms are not clear. Moreover, integrins, especially VLA-4, are

predictors of the more aggressive disease [409]. And chemokine receptors, among them CCR7,

have increased expression levels in advanced and aggressive forms of B-CLL [435�437]. As we

found ZAP70 to be involved in CCR7 signaling to the integrin LFA-1 in T cells, we hypothesized

that in B-CLL cells ZAP70, in combination with chemokine receptor and integrin-expression,

might contribute to the aggressive form of B-CLL by its role in the regulation of integrin cluster-
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ing downstream of chemokine receptors (chapter 5 on page 127).

Investigating this issue, we �rst looked at the impact of ZAP70 expression on directional mi-

gration of T cells and B-CLL cells as it was reported that for both, T cells [576] and B-CLL

cells [432, 444, 445, 652] ZAP70 is involved in chemokine-induced directional migration. Unfor-

tunately, Jurkat T cells did not migrate towards CCR7 ligands in transwell assays (data not

shown). However, they migrated towards CXCL12 whereby ZAP70 de�cient Jurkat P116 T cells

showed reduced migration, compared to ZAP70-GFP rescue Jurkat P116 cells (data not shown),

re�ecting what was shown by Ottoson et al. [576]. For B-CLL cells it is shown that ZAP70

expression results in increased migration towards CXCL12 [444, 445, 652] and CCR7 ligands

[432], this we could con�rm in our experiments. In summary, in T cells ZAP70 is required for

normal directional migration, and ZAP70-de�cient T cells show reduced directional migration.

However, in B-CLL cells, ZAP70 expression enhances directional migration, compared to B-CLL

cells that do not express ZAP70.

Furthermore, looking at signaling to integrins after chemokine receptor stimulation, we could

show that in T cells, where ZAP70 is normally expressed, ZAP70 is required for normal �inside-

out� signaling of chemokine receptors, regulating clustering of integrins. In B-CLL B cells,

where ZAP70 is normally not expressed, we found that ZAP70 enhances chemokine mediated

�inside-out� signaling to integrins, enhancing clustering of integrins, with no e�ect on chemokine-

mediated a�nity regulation of integrins. This was also re�ected in adhesion assays on immo-

bilized integrin-ligands under static conditions. T cells require ZAP70 to adhere to integrin

ligands after chemokine stimulation, and B-CLL cells show increased adhesion after chemokine

stimulation on immobilized integrin ligands under static conditions. Moreover, for B-CLL cells,

we demonstrated in �ow chamber experiments, that ZAP70-expression in�uences the ability of

chemokine-induced B-CLL adhesion on immobilized integrin ligands. Thereby, ZAP70 increases

the initial arrest of B-CLL cells on immobilized integrin ligands and endothelial cells under �ow

in presence of chemokines (chapter 5 on page 127). The literature on the role of ZAP70 in

integrin-mediated arrest on endothelial cells is contradictory. On one hand, there is a study that

showed that under �ow conditions, ZAP70 function is important for arrest of T cells. Especially

for the process where T cell rolling is converted from transient to �rm attachment to ICAM-1

[551]. But in this study, no chemokine stimulus was present. Another study showed that ZAP70

in CXCR4 signaling is not essential for arrest of T cells on in�ammatory endothelium under �ow

conditions, but that ZAP70 is essential for CXCL12 induced transendothelial migration [577].

However, these studies were conducted using T cells, for B-CLL cells we did not �nd a di�erence

in transendothelial migration of ZAP70 expressing or Vector control OSU-CLL cells for both,

CXCL12 and CCL21-coated endothelial cells (chapter 5).

ZAP70 in T cells is essential for TCR signaling [259]. In B cells its homolog Syk is vital for

BCR signaling [653]. Most B-CLL cells express normal levels of Syk, and BCR signaling of these

cells does not rely on ZAP70 [430]. However, ZAP70 expression is associated with increased
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Figure 6.2: Overview of the function of ZAP70 in CCR7 singaling in T cells and B-CLL cells as shown
in chapter 4 and 5. And function of ZAP70 in antigen-recpetor signaling of T cells [259], and B-CLL cells
[430].

BCR signaling in B-CLL [430]. Moreover, it is reported that ZAP70 in BCR signaling is not, as

Syk, working as kinase and adapter, but is functioning only as adapter protein [430]. In bone

marrow and lymph nodes, B-CLL cells form proliferative centers in which, via stimulation of the

BCR by antigens in combination with the microenvironment provided in proliferative centers,

B-CLL cells receive proliferation and survival signals [395, 402]. Thus, enhanced BCR signaling

in B-CLL might be important in pathogenesis and disease progression [403].

In summary, we could show that in T cells, ZAP70 in chemokine receptor signaling to inte-

grins is required to maintain normal T cell function. However, in B-CLL ZAP70 function in

chemokine-induced clustering of integrins, enhancing migration and adhesion, might contribute

to the more aggressive disease in ZAP70 positive B-CLL (summarized in Figure 6.2). By enhanc-

ing chemokine receptor �inside-out� signaling to integrins, ZAP70 expressing B-CLL cells adhere

more to endothelial cells, a process that is required e.g. to enter lymph nodes via HEVs, where

CCR7 ligands are presented on the endothelial surface. This might lead to increased emigration

of ZAP70-positive B-CLL into lymph nodes. Within lymph nodes, B-CLL cells form proliferative

centers, that are a main aspect of B-CLL pathology, allowing the proliferation of B-CLL cells

and, by disturbing the architecture of lymph nodes, hampering the normal function of lymph

nodes.
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Perspectives

In summary, in this dissertation, we added knowledge to the signaling of the chemokine receptor

CCR7 to understand how CCR7 signaling can be modulated by glycosylation of the receptor or by

cellular distribution of the receptor. This allows to �ne-tune cellular responses and permits CCR7

to mediate its versatile functions in tolerance and immunity. In addition, we con�rmed ZAP70 as

interaction partner of CCR7 and thus identi�ed a novel signaling pathway downstream of CCR7.

ZAP70 in its function as kinase is involved in crosstalk of CCR7 to TCR signaling. In addition,

ZAP70 as adapter protein is vital for �inside-out� signaling of CCR7 regulating clustering of

LFA-1. Moreover, we shed new light on the role of ZAP70 in the aggressive form of B-CLL.

We suggest that ZAP70, that is a negative prognostic marker itself, is the connecting piece

between chemokine receptors, e.g. CCR7 and CXCR4, and integrins, that are also predictors

for the aggressive form of B-CLL with fast progression and short survival. Understanding of the

molecular mechanisms underlying the fast progressing, aggressive form of B-CLL might help to

develop treatment-strategies for patients with B-CLL.
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