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CHAPTER 1

Introduction

Dendritic cells and Immunity

Dendritic cells (DCs) represent a unique but diverse population of cells that are characterized
as professional antigen-presenting cells (APC) by their unparalleled ability to sense and
capture antigen, and to transfer this information to the adaptive immune system. Therefore,
DCs possess the inimitable potential to induce primary immune responses. The induction
and maintenance of tolerance is also controlled by DCs as well as the type and magnitude of

an adaptive immune response (Banchereau 2000).

Dendritic cells and the Induction of an Immune response

DCs are a heterogeneous population of leukocytes distributed in tissues, which are in contact
with the external environment, such as skin, gut and lung (Nestle 1993, Nelson 1994, Sertl
1986). DCs can be found in three developmental stages: precursors, immature and mature
DCs (Shortman 2002). Production of DC precursors takes place in the bone marrow in
response to granulocyte-macrophage colony-stimulating factor (GM-CSF) and fms-like
tyrosine kinase-3 ligand (FIt3L) (Karsunky 2003, D’Amico 2003). After leaving the bone
marrow, DC precursors can be identified in human blood as HLA-DR™ mononuclear cells that
are negative for other lineage markers like CD3, CD14, CD19, or CD56 (Banchereau 2000).
Immature DCs and DC precursors can be divided into a myeloid and a plasmacytoid lineage
regarding to their expression of CD11c and interleukin (IL)-3 receptor o chain (CD123).
Whereas myeloid DCs express CD11c but only low levels of CD123, plasmacytoid DCs do
not express CD11c but high levels of CD123. Plasmacytoid DCs are located primarily in the
blood and in T cell areas of lymphoid tissues, where they mediate anti-viral immune
responses (Kadowaki 2002, Fonteneau 2003). Myeloid DCs, however, are found in many
tissues, where they are classified according to their distribution (Ardavin 2003, Shortman
2002). Thus, Langerhans cells, expressing the C-type lectin Langerin, are located in the
epidermis and oral, respiratory, and genital mucosa. Other myeloid DCs are named
according to their anatomic localization interstitial, dermal, or submucosal DCs (O’Neill
2004).

DCs are strategically positioned to perform a sentinel function for incoming pathogens. After
encounter of antigen DCs can not only activate the antigen-non-specific innate immune
system (Fernandez 1999, Foti 1999, Zitvogel 2002), but represent the link to the antigen-

specific adaptive immune system (Banchereau 2000). apture of antigen by immature DCs
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results in the transition to a mature phenotype, which includes migratory responsiveness to
lymph node-derived chemokines. After migration into T cell areas of lymph nodes antigen-
presenting mature DCs can prime antigen-specific T cells.

Stable interactions between DCs and T cells lead to the establishment of an immunological
synapse (Grakoui 1999), which is essential for T cell priming (Hugues 2004). The
immunological synapse is formed by clustering of the T cell receptor (TCR) and CD28
interacting with peptide-bound MHC complexes and the co-stimulatory molecules CD86 or
CD80 expressed on mature DCs (Bromley 2001, Lenschow 1996). Although CD28
engagement provides a strong and sufficient signal leading to enhanced expression of
transcription factors, cytokines and cytokine receptors, which promote differentiation, effector
T cell functions and survival, various receptors of the TNF superfamily exert additional co-
stimulatory functions. The expression of those receptors, such as 0X40, CD27 and 4-1BB,
and the availability of their respective ligands on APCs can reinforce and modulate the
outcome of an immune response by promotion of survival and differentiation signals (Watts
2005). Effective priming of T cells results in clonal expansion and differentiation into cytokine-
secreting effector T cells and long-lasting memory T cells. The kind and strength of the T cell
response is dependent on the affinity of the TCR for the presented peptide, the concentration
of presented antigen, and on the state of DC maturation and the type of maturation stimulus
(Gett 2003)

Dendritic cell Maturation

Immature DCs are specialized for the capture and processing of antigen, a procedure that
results in terminal differentiation into mature DCs specialized for antigen-presentation and T
cell stimulation. During the process of maturation, DCs up-regulate co-stimulatory molecules;
change their cytokine- and chemokine-secretion profile as well as their own responsiveness
to chemokines by alteration of their surface receptor repertoire, enabling migration to
secondary lymphoid organs.

Immature DCs can take up components of pathogens, dead or dying cells, proteins or
immune complexes via phagocytosis, endocytosis, pinocytosis, and specific receptors, while
the type of stimulus determines the maturation program and the subsequent immune
response (Guermonprez 2002). Conserved molecular patterns from bacteria and viruses as
well as components of damaged cells can bind to Toll-like receptors (TLRs) on DCs, which
are highly conserved transmembrane receptors transmitting maturation signals (Medzhitov
1997, Kirk 2005). Other receptors expressed on the surface of DCs also facilitate the
internalization and presentation of antigens. Heat shock proteins (hsp) like hsp70 and gp96
can bind to specific hsp receptors (Kuppner 2001, Singh-dasuja 2000), whereas receptors for

the Fc domain of immunoglobulins can bind antibody-opsonized particles. Furthermore, C-
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type lectin receptors such as DEC205 (CD205) or the mannose receptor mediate up-take of
antigen and subsequently induce the process of maturation (Jiang 1995, Sallusto 1995).

In addition, maturation can be induced by signals provided by T cells, such as binding of the
trimeric TNF-like molecule CD40L (CD154) mainly expressed on activated CD4" T
lymphocytes (van Kooten 2000, Roy 1993) to its receptor CD40 on DCs (Caux 1994, Cella
1996). For in vitro studies and in clinical DC-based vaccination trials, DCs are most
commonly matured using a combination of inflammatory cytokines including TNF-a, IL-1R3,
IL-6, and PGE, (Jonuleit 1997). Overall, the balance between pro-inflammatory and anti-
inflammatory signals in the local microenvironment can influence in vivo the outcome of
maturation (Banchereau 2000, Kalinski 1998).

Captured antigens can be processed and loaded onto major histocompatibility complex
(MHC) class | or Il according to their origin. Antigens derived from the cytosolic compartment
are presented by MHC | molecules, whereas internalized antigens derived from the
extracellular environment are typically presented on MHC Il molecules. However,
exogenously acquired antigens can be processed onto MHC | molecules by a process
termed cross-presentation, a unique feature of DCs (Rossi 2005). Maturation results in
increased levels and stability of MHC | and MHC Il molecules presenting peptides on the
surface of DCs, which allows enhanced presentation of peptides derived from pathogenic
sources (Cella 1997, Rescigno 1998, Trombetta 2005).

Interactions between peptide-bound MHC molecules and antigen-specific TCRs of T
lymphocytes are not sufficient to induce T cell activation. Additional co-stimulatory signals
are necessary to lower the threshold for activation of T cells and provide stimulatory signals
for proliferation and survival. Initial activation is dependent on binding of T cell expressed
CD28 to its ligands CD80 and CD86. Maturation endows DCs with high surface levels of
CD80 and CD86, thus enabling the provision of a strong co-stimulatory signal after
engagement of T cells. Additional co-stimulatory molecules, which belong to the TNF
superfamily, provide regulatory signals especially for T cell survival, shaping the outcome of
the immune response (Watts 2005).

During maturation the chemokine receptor repertoire expressed on the surface of DCs is
dramatically altered, thereby regulating the trafficking of DC inside inflamed tissues and the
migration to lymphoid organs. At sites of infection DCs produce inflammatory chemokines,
such as CCL3 and CCL4, early after antigen up-take to recruit immature DCs as well as
other cells of the innate immune system, while simultaneously down-regulating the
respective receptors on their own surfaces. In the course of proceeding maturation,
expression of the chemokine receptor CCRY7 is induced, and DCs become responsive to its
ligands CCL21 and CCL19 (Sallusto 1998, Sallusto 1999, Sozzani 1997), thus enabling

directional migration of mature, antigen-bearing DCs to secondary lymphoid organs.
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Migration of mature Dendritic cells

Migration of DCs is largely directed by chemokine gradients between the periphery and
secondary lymphoid organs such as lymph nodes, spleen and mucosal lymphoid tissues. For
the induction of an adaptive immune response mature DCs must migrated from peripheral
tissues, where they encountered antigen, into specialized compartments of lymphoid
structures. Because of the immense repertoire of antigen-specific T lymphocytes, the
probability that one T cell clone specific for a particular antigen would meet its antigen
presented on DCs is infinitely small, if both cell types were circulating undirected through the
blood-lymph system. The directed migration of DCs into T cell areas of lymphoid organs
ensures a high contact rate with circulating naive T cells and enables the screening of the
whole T cell repertoire for a specific TCR.

The chemokines receptor CCR7 controls migration of DCs into afferent lymphatic vessels as
well as the positioning of DCs within lymphoid organs (Weninger 2003). Adoptively
transferred CCR7-deficient DCs failed to migrate to the draining lymph node of wild-type
mice, emphasizing the significance of CCR7 expression on DCs (Martin-Fontecha 2003).
Maturation of DCs induces CCR7 surface expression and enables DCs to transport captured
antigen to secondary lymphoid organs to induce adaptive immunity (Weninger 2003). Two
ligands have been described for CCR7, CCL19 and CCL21, which are secreted by lymphatic
endothelium, and by stromal cells within lymph nodes (Gunn 2003, Randolph 2005).

The chemokine receptor CXCR4 is expressed on DCs as well as on T and B lymphocytes
(Bleul 1998). Only one ligands has been described for CXCR4, termed CXCL12 (Oberlin
1996), which is among others expressed constitutively by lymphatic tissues. Engagement of
CXCL12 to CXCR4 plays a crucial role for migration of cutaneous DCs to lymphoid organs,
as CXCR4 antagonists impair the initiation of skin immune responses (Kabashima 2007a).
Ligation of CCR7 and CXCR4 by their respective ligands may not only function to provide
chemoattractive signals, since they have been recently also implied in modulation of DC
functions like maturation, cytoarchitecture and survival (Sanchez-Sanchez 2006, Kabashima
2007b).

Chemokine receptors are seven-transmembrane receptors with seven helical membrane-
spanning regions connected by extramembranous loops in such a way that the C-terminus is
in the cytoplasm. Chemokine receptors transmit signal through heterotrimeric Gal3y proteins,
which are bound to the intracellular loops of the receptor. In the inactive state, the Ga subunit
is bound to guanosine 5’-diphosphate (GDP). Ligation of the chemokine induces a
conformational change of the receptor resulting in dissociation of GDP from Ga, which is
replaced by guanosine 5-triphosphate (GTP). The activated GTP-bound Go subunit

dissociates from the receptor and the GRy complex. Both, Ga. and GRy activate a variety of
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downstream effectors, which ultimately lead to migration and other physiological responses
(Allen 2007).

Dendritic cells in the Modulation of Immune responses and Maintenance of Peripheral
Tolerance

DC-mediated priming of T cells requires a combination of specific surface and secreted
molecules, all of which acquired by DCs during efficient maturation. The maturation stimulus,
however, determines the kind of T cell response that is promoted. By secretion of certain
cytokines, mature DCs can induce different types of CD4" T helper (Th) cells: Th1, Th2, or
Th17. Th1 differentiation is promoted by type 1 cytokines like IL-2, IL-12, IL-15 and IFN-y and
facilitates cell-mediated immunity to clear intracellular pathogens. Type 2 cytokines, on the
other hand, comprising IL-4, IL-10 and IL-13, induce Th2 responses facilitating humoral
immunity involved in clearance of parasites. Secretion of IL-23 favours differentiation into
Th17 cells, which produce IL-17 and are associated with inflammation (Weaver 2007). The
cytokine production profile of mature DCs promotes differentiation of CD4" T cells and
thereby shapes the resulting immune response.

DCs have been implied in the functional control of regulatory T cells (Tregs). T regs are
specialized T cells involved in maintenance of peripheral tolerance to self-antigens by
inhibition of CD4" and CD8" T cell responses (Sakaguchi 2000). Under steady state
conditions, immature DCs can promote tolerance by induction of Tregs both in vitro
(Roncarolo 2001) and in vivo (Bonifaz 2002). Also, IL-10 producing immature MoDCs have
been described to be able to induce Tregs (Jonuleit 2000).

CTLA-4 mediated signals provided by Tregs can condition DCs to produce active
indoleamine 2,3-dioxygenase (IDO) (Fallarino 2003). IDO is an immunosuppressive enzyme
that degrades the essential amino acid tryptophan generating toxic metabolites. By depletion
of tryptophan in the microenvironment, production of IDO by DCs can control and limit T cell
proliferation (Munn 1998, Terness 2002).
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Dendritic cell-based Cancer Vaccination

The unique features to orchestrate innate and adaptive immune responses, to regulate
tolerance, and to yield long-lived protective T cell memory make DCs attractive candidates
for cancer vaccination. Immunotherapeutic strategies against cancer have the potential to
specifically target and reject tumor tissue without damaging the rest of the body, a side effect

chemotherapeutic approaches can not avoid.

Strategies of Immunotherapies

Immunological approaches to cancer treatment are to date mainly available in form of
monoclonal antibodies. Antibodies can not only block critical functions of tumor cells by
specific binding, but can also mediate binding of Fc receptor-bearing cells like phagocytes
and NK cells, which attack antibody-bound cells and particles. The improvement of
technologies to produce pharmaceutical-grade monoclonal antibodies and the identification
of a steadily growing number of tumor-specific antigens has led to the development of
therapeutic antibodies (Blattman 2004). Breast cancer and lymphoma patients are currently
treated with therapeutic antibodies against Her2/neu or CD20, respectively (von Mehren
2003). As an alternative immunological approach that is based on cell-mediated immunity,
adoptive T cell therapy has shown great potential to promote regression of established
tumors (Morgan 2006, June 2007). However, neither antibody nor adoptive T cell therapy are
likely to induce long-lived protective T cell memory (Palucka 2007).

Due to the potential of DCs to induce and modulate immune responses, DC-based vaccines
on the contrary have the potential to induce both tumor-specific effector and memory T cell
responses. Two approaches were designed to use DCs as vaccines, either in vivo targeting
or ex vivo generation of DCs (Ueno 2007). In vivo targeting can be achieved by application of
anti-DC antibodies fused to antigens, whereas the administration of an antigen mix, like MHC
| peptides, together with adjuvant is more random and might not be very efficient. By using in
vivo targeting of DCs it is impossible to control what kind of DC subset acquires the antigen,
which could have negative impact on the desired outcome, as for example certain DC
populations might preferentially induce tolerance (Palucka 2007). In contrast, ex vivo
generated DC from bone marrow progenitors or blood precursors can be characterized in

detail and manipulated to possess certain characteristics and induce the desired effects.

Tumor Therapy using Dendritic cells
A promising field has emerged in the setting of cancer immunotherapy by generation of
human DCs from progenitors ex vivo. These DCs can be loaded with selected tumor-specific

antigens, and be re-injected into the patient to boost immunity in an antigen-specific manner
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(Fong 2000, Nestle 2001, Steinman 2001, Schuler 2002). Generation of DCs ex vivo
provides the opportunity to optimize antigen-loading and manipulate the maturation status to
achieve optimal immune responses (Steinman 2002). Among the desired characteristics of
DCs for therapeutic usage is the ability to resist tumor-derived factors like IL-10, TGF-3 or
VEGF, which are produced in advanced cancer to suppress DC functions (Rabinovich 2007).
Currently, multiple choices of DC subsets, the type of antigen and the way to deliver it, as
well as the routes and frequencies of injection are under investigation to optimize DC
immunotherapy.

The first trials, in which healthy volunteers were vaccinated with ex vivo generated DCs
pulsed with tetanus toxoid, influenza matrix peptide, or keyhole limpet hemocyanin, proved to
induce antigen-specific immune responses with minimal side effects (Dhodapkar 1999, Davis
2003). Vaccination studies against a variety of advanced cancers followed, using tumor
antigen-loaded DCs that were either isolated from blood or generated ex vivo from blood
precursors, and showed induction of specific immune responses, which in some cases
correlated with clinical responses (Schuler 2003). However, early trials focused mainly on the
safety and immunogenicity of DC vaccines as a proof of principle (O’Neill 2004), whereas
current trials monitor clinical responses and evaluate optimization.

Several procedures have been established to ex vivo generate the vast numbers of DCs that
are needed for vaccination. CD34" haematopoietic progenitor cells can be differentiated
under addition of GM-CSF and TNF-a into a mixture of interstitial DCs and Langerhans cells
(Banchereau 2001). The frequency of DC progenitors can be increased by administration of
FIt3L. In another approach, plasmacytoid and myeloid DCs can be isolated directly from
leukapheresis products, which does not yield huge numbers, but can be improved again by
stimulating patients with FIt3L (Fong 2001a). The most common approach, however, to
generate large amounts of human DCs is the generation from peripheral blood monocytes
(MoDCs) (Thurner 1999). By culturing monocytes in the presence of IL-4 and GM-CSF, they
differentiate to immature, non-proliferation DCs, which express low levels of CD86 and
MHCII (Sallusto 1994). The use of IL-4 can thereby be substituted by IL-13. The transition of
monocytes to DCs can also occur in vivo (Ginhoux 2006, Zhang 2007). A mature phenotype
can be induced in MoDCs by stimulation with inflammatory products resulting in high
expression levels of MHCII and co-stimulatory molecules (Sallusto 1994).

A major parameter that needs to be considered is indeed the maturation status of DCs used
for vaccination. Under steady state conditions, immature DCs induce and maintain tolerance
(Steinman 2003). In fact, injection of antigen-pulsed immature DCs leads to the induction of
regulatory T cells and inhibition of IFN-y-producing T cells (Dhodapkar 2002, Dhodapkar
2001), whereas mature DCs loaded with antigen show enhanced immunogenicity and induce

antigen-specific CTL responses (Jonuleit 2001, Slingluff 2003). In tumor therapy, DC
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activation should be induced and optimized to generate mature DCs with the capacity to
induce high-avidity CTLs in coordination with strong helper activity to elicit protective long-
time memory responses (Berzofsky 2004). Maturation of MoDCs is frequently induced by
addition of a combination of cytokines including TNF-a, IL-1R8, IL-6, and PGE, (Jonuleit
1997). Although MoDCs matured in such a way were reported to be unable to produce
bioactive IL-12p70 (Kalinski 2001), they nevertheless induce Th1 and CD8" T cell responses
(Lee 2002a, O’Neill 2004, Dhodapkar 1999).

A dominant issue in the setup of DC vaccination protocols is the choice of tumor antigens
and the way of delivery. The target antigens have to be chosen carefully; preferentially
antigens that are critical for tumor growth, since a directed immune responses will drive
selection for tumor cells that lost expression of the target antigen and are thereby escaping
immune depletion (O’Neill 2004). Antigens can be supplied to DCs in a variety of ways,
including as peptides, whole proteins, or tumor lysates, as viral vectors or RNA (O’Neill
2004). The use of MHC-restricted peptides is disadvantageous, as the half-life of peptide:
MHC complexes is short, and the selected peptide antigen has to be compatible with the
patient’'s specific HLA type. On the contrary, application of whole protein enables the
processing of different epitopes from the antigen’s entire sequence (O’Neill 2004). Pulsing
DCs with killed tumor cells, however, will additionally not only result in presentation of
epitopes on MHC II, but also on MHC | molecules due to the special ability of DCs to cross-
present antigens. This unique feature allows the development of specific CTLs through
cross-priming and provides specific CD4" T cell help via antigen presentation on MHC ||
(Palucka 2007).

The route of administration of ex vivo generated DCs into the patient is a widely investigated
point in DC vaccination, but the optimal procedure has not yet been established. DCs have
been injected subcutaneously, intradermally, intravenously, intranodally, or directly into the
tumor (Palucka 2007). Since the route of administration may affect the nature of T cell
priming (Mullins 2003, Fong 2001b) injection of DCs into the lymph node may not be the best
way to deliver the antigen-loaded DCs. It has been additionally suggested, that injection of
large numbers of DCs into lymph nodes prevents coordinated positioning in lymphoid micro-
structures, and therefore results in poor immune responses (Lesimple 2006).

Injections of DCs into skin require migration to the draining lymph node, but could be
beneficial to induce immunity to cutaneous tumors (Mullins 2003). Migration of DCs from the
site of antigen contact to lymphoid tissues is a crucial issue to induce anti-tumor responses.
In early vaccination trials, ex vivo generated DCs did not leave the injection site due to their
immobile phenotype (Morse 1999a). This problem was solved, when two studies reported
that PGE; is essential during maturation to promote DC’s ability to migrate (Scandella 2002,

Luft 2002). Since for the generation of DCs for vaccination purposes, DCs have to be
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cultivated and matured under serum-free conditions, addition of PGE, is required during
maturation for the induction of a migratory phenotype.

The modulation of DC functions, like antigen capture and processing, maturation, and
migration will allow us to improve the efficacy of DC-based immunotherapy. General studies
on behaviour and manipulation of ex vivo generated DCs are necessary to understand the
subtle balances of receptors and soluble mediators that will induce effective therapeutic

immunity against cancer.

Prostaglandin E; in Dendritic cell Biology

Prostanoids belong to the class of biologically active small lipid molecules termed
eicosanoids, which are products of the arachidonic acid metabolism. Prostaglandin E,
(PGEy), probably the most important mediator in the family of prostanoids, has multiple
effects on immune cells and especially on dendritic cell functions (Gualde 2004). PGE; is
used in combination with pro-inflammatory cytokines in DC-based vaccination protocols to

generate mature DCs capable of inducing tumor-specific immune responses.

Prostanoids in Inflammation

Eicosanoids, comprising prostanoids and leukotrienes, are lipid mediators derived from C20
unsaturated fatty acids with a wide range of physiological functions by participation in cell-cell
communications as in the central nervous system, and in inflammation and immunity (Serhan
1996). Various physiological and pathological stimuli can promote the production of
prostanoids by cells of the innate immune system like macrophages, DCs and neutrophils.
Prostanoids can be generated from arachidonic acids, which are released from membrane
phospholipids by phospholipase A, in response to pro-inflammatory signals. Arachidonic
acids can be converted by cyclooxygenase (COX) enzymes resulting in production of PGH,,
from which a series of prostaglandins (PG) can be generated (Harris 2002). Two isoforms
have been described for the COX enzyme, COX-1 and COX-2. The constitutive form, COX-
1, is produced by a variety of cell types, and is involved in maintenance of physiological
homeostatic processes. (Smith 1995, Langenbach 1999, O’Banion 1999) COX-2 on the other
hand is inducible by inflammatory stimuli like TNF-a, IL-1 and LPS, and promotes the
production of large amounts of prostaglandins during inflammation (Ristimaki 1994,
Yamamoto 1995, Norgauer 2003). Anti-inflammatory signals like IL-4 and IL-10 counteract
prostaglandin production inhibiting COX-2 induction (Harizi 2005, Harizi 2004). Tissue-
specific prostaglandin synthases convert PGH, into PGE,, PGD, and other prostaglandins.

The balanced expression of these enzymes can determine the profile of prostanoid
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production. PGE, synthase has been reported to be inducible by pro-inflammatory stimuli
(Filion 2001), and mouse bone marrow-derived DCs produce PGE, but not PGD, (Harizi
2004). PGD, in contrast is mainly produced by mast cells and exerts anti-inflammatory
effects. In the process of wound healing, a shift of prostaglandin synthesis from PGE; during
the acute inflammatory phase to dominant production of PGD, during the repair phase has
been described recently (Kapoor 2007) and highlights the dynamic processes balancing
immune responses.

Prostanoids are not stored within cells, but are immediately secreted after production. As
prostanoids are chemically and metabolically instable, they act locally in the proximate
microenvironment of their production. Therefore, prostanoids can act in an autocrine fashion,
or paracrinely stimulate neighbouring cells (Narumiya 2003). The ability of cells to respond to
the differential prostaglandin profile in their microenvironment is dependent on the
expression profile of respective prostaglandin receptors. Whereas the production of
prostaglandins is mainly restricted to cells of inflammation, receptors for prostaglandins are
expressed on cells both of the innate and adaptive immune system. Signals mediated by
prostaglandin receptors participate in the regulation of immune cell functions such as
proliferation, migration and cytokine production providing a link between innate and adaptive
immunity (Harizi 2005).

Prostaglandin E, Receptors in Immune cells

PGE; exerts its effects by binding to a group of G protein coupled receptors (GPCRs) with
seven transmembrane domains, designated EP1-4, with different signal transduction
pathways (Coleman 1994, Negishi 1995, Ichikawa 1996). Signaling through EP1 mediates
elevation of free Ca?* by a yet unidentified G protein. In mouse, EP3 exists in three
alternatively spiced forms, which signal primarily via Gai and inhibition of adenylate cyclase
(Sugimoto 2007). EP2 and EP4 are coupled to Gas and signal by stimulation of adenylate
cyclase, which increases intracellular levels of cyclic adenosine monophosphate (cAMP)
(Coleman 1995, Katsuyamo 1995).

The generation of mice with targeted deletion of each individual PGE; receptor provided new
insights on the complex actions of PGE; in the regulation of immune responses. In the skin,
PGE; is produced in substantial amounts during inflammation. Although Langerhans cells
express all four PGE, receptor subtypes, migration to draining lymph nodes was only
impaired in EP4"" mice. PGE,-mediated signals via EP4 are not only essential for migration
of Langerhans cells, but also increased the expression of co-stimulatory molecules
enhancing T cell stimulatory capacities (Kabashima 2003). Thus, EP4 receptor signaling
promotes maturation and migration of Langerhans cells in mice and consequently facilitates

initiation of skin immune responses.
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Like murine Langerhans cells, resting bone marrow-derived DCs express all EP receptors on
the surface, but stimulation with LPS dose-dependently up-regulates EP2 and EP4
expression, whereas EP1 and EP3 expression is not altered (Harizi 2003). Human MoDCs in
contrast express only EP2 and EP4 (Baratelli 2004, Braun 2005), while the level of
expression is regulated during maturation towards high expression of EP4 (Braun 2005,
Scandella 2002).

Prostaglandin E, and Dendritic cell functions

Soluble mediators like cytokines, nitric oxide and prostanoids are involved in the
inflammatory responses that drive DC maturation. Among prostanoids, PGE, has been most
extensively studied for its regulatory effects on DCs. A lot of attention was attracted to PGE,
when it was identified as the key regulator for DC migration (Scandella 2002, Luft 2002).
PGE; is used in combination with pro-inflammatory cytokines to induce maturation of human
DCs for vaccination purposes (Jonuleit 1997, Lee 2002a). It was in this setup, that PGE, was
discovered to be a crucial factor for human DC migration in response to CCRY7 ligands, as
DC matured in the absence of PGE, were almost unresponsive to CCRY7 ligands (Scandella
2002, Luft 2002). However, PGEj,-mediated signals are not required for migratory
responsiveness of immature DCs to inflammatory chemokines like CCL3 (Chen 2004). Thus,
there is evidence that migratory capacities of DCs are controlled by their status of activation.
CCR7 expression is not sufficient for migration of mature DCs; migration towards CCR7
ligands reli on additional yet unidentified signals provided by PGE.,.

During maturation, DCs change their chemokine secretion profile as well as their
responsiveness to chemokines (Sallusto 1998). The presence of PGE, during maturation
inhibits expression of the pro-inflammatory chemokines CCL3 and CCL4 (Jing 2003, Jing
2004) regulating migration of immune cells into the site of infection.

PGE, has been described to cooperate with pro-inflammatory cytokines or TLR ligands to
induce maturation of human DCs (Steinbrink 2000, Rieser 1997, Jonuleit 1997). Induction of
maturation promotes the secretion of cytokines, which modulate the character of the immune
response, dependent on the kind of cytokines as well as their quantity. PGE, was reported to
contribute to the regulation of the cytokine expression profile of mature MoDCs, but with
controversial outcome, promoting Th1 and Th2 responses. Whereas some studies provide
evidence for a positive effect of PGE; on IL-12 production (Steinbrink 2000, Rieser 2007) at
least in combination with TNF-a, other reports show a strong inhibition of IL-12 production in
the presence of PGE; (Luft 2002, Kalinski 1997). Production of elevated levels of IL-10 was
described in human MoDCs matured in the presence of PGE; (Kalinski 1997), while in other
reports secretion of IL-10 was not increased, or even reduced (Jefford 2003, Jonuleit 1997,

Scandella 2002). PGE,-matured DCs show an enhanced potential to induce allogenic T cell
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proliferation. If and in what direction the presence of PGE, during maturation of MoDCs
biases T cell differentiation is not clear. Evidence for Th2 differentiation has been provided in
vitro (Kalinski 1997, Kalinski 1998), while Th1 differentiation and the induction of CTL
responses have been reported in vitro and in vivo (Steinbrink 2000, Jonuleit 1997, Lee
2002b, Ratzinger 2004, Schuler-Thurner 2002) using MoDCs matured in the presence of
PGE,. PGE; has also been described to induce the expression and release of IL-23 by DCs,
which led to Th17 differentiation (Sheibanie 2004, Sheibanie 2007).

Since the available data on the impact of PGE, on human DCs functions is limited and
controversial, we conducted several studies to characterize the regulatory role of PGE, on
MoDCs under serum-free clinical relevant conditions. The understanding of the complex
effects of PGE, on human DC functions will help to refine and improve DC-based vaccination

protocols.
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Abstract

The control of dendritic cell (DC) migration is pivotal for the initiation of cellular immune
responses. Here we demonstrate that the migration of human monocyte-derived (Mo)DCs as
well as of ex vivo peripheral blood (PB)DCs towards CCL21, CXCL12 and C5a is stringently
dependent on the presence of the pro-inflammatory mediator prostaglandin (PG)E,, although
DCs expressed CXCR4 and C5aR on their surface and DC maturation was accompanied by
CCRY7 up-regulation independently of PGE,. The necessity of exogenous PGE, for DC
migration is not due to the suppression of PGE;, synthesis by IL-4, which is used for MoDC
differentiation, since maturation-induced endogenous production of PGE, cannot promote
DC migration. Surprisingly, PGE, was absolutely required at early time points of maturation
to enable MoDC chemotaxis, whereas PGE, addition during terminal maturation events was
ineffective. In contrast to mouse DCs, which exclusively rely on EP4 receptor triggering for
migration, human MoDCs require a signal mediated by EP2 or EP4 either alone or in
combination. Our results provide clear evidence that PGE; is a general and mandatory factor
for the development of a migratory phenotype of human monocyte-derived as well as for

peripheral blood myeloid dendritic cells.
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Introduction

Dendritic cells (DCs) are professional antigen-presenting cells operating as sentinels in
peripheral tissues and lymphoid organs. DCs have the unique ability to take up, process, and
prime also naive T cells and are therefore critical for the induction of primary immune
responses, for the induction of the immunological tolerance as well as for the regulation of
the T cell-mediated immune response (Banchereau 1998, Banchereau 2000, Mellman 2001).
Due to these features, DCs loaded with specific antigens are currently being used in
vaccinations against tumors and infectious agents in numerous clinical trials (Schuler 2003,
Figdor 2004, Paczesny 2003).

DC progenitors in the bone marrow give rise to circulating precursors that home to tissues,
where they reside as immature cells. Thus, immature DCs are strategically located at portals
of pathogen entry, such as the skin, the airways, or the gastrointestinal mucosa, and are
particularly good at antigen ingestion through pinocytosis or receptor-mediated endocytosis
and antigen processing (Lanzavecchia 1996). Exposure to pathogens triggers the maturation
of DCs through recognition of the prototypic pathogen-derived macromolecules by Toll like
receptors (Krutzik 2001, Takeda 2003, Mazzoni 2004). At the same time, DCs secrete large
amounts of pro-inflammatory cytokines and chemokines, including CCL2, CCL3, CCL4, and
CCL5, which in turn recruit other immature DCs, macrophages and monocytes to the
inflamed tissue (Sallusto 1999). Along this line, immature DCs are also attracted by the
complement component C5a and the bacterial peptide fMLP (Yang 2000, Sozzani 1995,
Sallusto 1998). DC maturation terminates the ability of antigen uptake, whereas the capacity
to stimulate T cells is enhanced through the up-regulation of co-stimulatory molecules (such
as CD80, CD86), MHC molecules, and T cell adhesion molecules (e.g. CD48 and CD58),
and the enhanced production of cytokines (IL-12, IL-2, TNF-a) (Banchereau 2000, Mellman
2001). Importantly, maturing DCs loose their responsiveness to inflammatory chemokines by
either down-regulation or desensitization of the chemokine receptors CCR1, CCR2, and
CCR5 on monocyte-derived DCs and CCR6 on Langerhans cells (Sallusto 1998, Sozzani
1998, Dieu 1998). Simultaneously, antigen-loaded DCs up-regulate surface expression of the
homing chemokine receptor CCR7 and as a result acquire responsiveness to the
chemokines CCL19 (ELC, Exodus-3, MIP-33, CKR11) and CCL21 (SLC, Exodus-2, 6Ckine,
TCA-4) (Sallusto 1998, Sozzani 1998, Dieu 1998, Yanagihara 1998, Chan 1999). The fact
that CCRY7 and its ligands are mandatory for homing was demonstrated in CCR7-deficient,
and plt/plt mice lacking CCL19 and CCL21 (Forster 1999, Gunn 1999, Ohl 2004, Luther
2000, Vassileva 1999, Nakano 2001).

Recently, we and others found that maturation-induced up-regulation of CCR7 surface

expression is not sufficient for monocyte-derived DCs (MoDCs) to migrate towards CCL19
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and CCL21 ((Scandella 2002, Luft 2002, Jefford 2003). Indeed, MoDC migration towards
CCL19 and CCL21 was readily observed upon maturation in the presence of the pro-
inflammatory mediator prostaglandin (PG)E,, albeit PGE, did not change the expression
level of CCR7 on mature DCs (Scandella 2002, Luft 2002). CCRY7 triggering in MoDCs
matured in the presence of PGE, induced an enhanced PI3K-mediated phosphorylation of
PKB/Akt (Scandella 2004). However, as PI3K inhibitors were not able to abrogate MoDC
migration (Scandella 2004), the mechanism of how PGE, permits DC migration remains
largely unknown.

PGE; is a lipid mediator of the eicosanoid family of oxygenated arachidonic acid and thus a
potent modulator of immune responses in an autocrine and paracrine fashion. The
production of prostaglandins is initiated by the liberation of arachidonic acid from plasma
membrane phospholipids by phoshpolipases, such as cytosolic phoshpolipase A, (cPLA,), in
a variety of cell types during inflammation. Arachidonic acid is then metabolized into
prostaglandin H, by the cyclooxygenases, i.e. the constitutively expressed COX-1 and the
inducible COX-2 (Harris 2002, Gualde 2004, Funk 2001). Cell-specific prostaglandin
synthases are responsible for the conversion of prostaglandin H, into different
prostaglandins, including PGE,. The prime mode of PGE; action is through signaling via four
seven transmembrane domain, G protein-coupled receptors termed EP1-EP4 (Narumiya
2003, Narumiya 2001). Interestingly enough, in mice, the importance of PGE, for DC
migration to draining lymph nodes in vivo has been demonstrated in Ptger4” animals lacking
the PGE; receptor EP4 (Kabashima 2003). As MoDCs express the functional receptors EP2
and EP4 (Scandella 2002), it remains to be identified which of these PGE; receptors is
responsible for the development of a migratory DC phenotype in humans.

MoDCs, that are most frequently used for DC-based immunotherapies, are differentiated
from peripheral blood monocytes in the presence of granulocyte / macrophage colony
stimulating factor (GM-CSF) and interleukin 4 (IL-4). IL-4, however, was shown to inhibit
cPLA; thus limiting the endogenous production of PGE, in MoDCs (Zeller-Rieser 2002). As
most MoDCs failed to leave the injection site after intradermal injection of patients
undergoing an anti-tumor immunotherapy (Morse 1999a), Thurnher and colleagues therefore
suggested to replace IL-4 by IL-13 for the generation of MoDCs, as IL-13 enhances cPLA2
(Thurnher 2001).

In the present study, we investigate whether PGE; is generally needed for immature and
mature DCs to migrate towards chemokines and complement components. We also compare
maturation and migratory capacities of human MoDCs generated in the presence of IL-4 or
IL-13 in combination with GM-CSF. Furthermore, we assess the role of PGE, on the
migration of peripheral blood myeloid CD1c* DCs, and we identify the PGE, receptors

responsible for facilitating human MoDC chemotaxis.
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Results

PGE:; is required for the ex vivo migration of human myeloid DC

Human dendritic cells (DCs) are increasingly applied as vaccines for cancer patients. We
and others have shown recently that prostaglandin E, (PGE>) was required during maturation
of monocyte-derived DCs (MoDCs) in order to permit migration in response to the lymph-
node homing chemokines CCL19 and CCL21 (Scandella 2002, Luft 2002). In order to test
whether the need for PGE, for DC migration is a phenomenon that is confined to in vitro
differentiated MoDCs, we investigated whether PGE; has a similar effect on peripheral blood
DCs. To this end, we isolated human peripheral blood myeloid DCs (PBDCs) by positive
selection of CD19" CD1c’ cells from fresh blood of healthy donors. Interestingly, ex vivo
PBDCs under serum-free conditions either directly subjected to chemotaxis assays or
cultured overnight in serum-free medium did not migrate in response to either CCL21 or
CXCL12, which are known to attract mature DCs (Figure 1A, B). Ex vivo PBDCs kept in the
presence of serum migrated in response to CXCL12, but barely to CCL21 (data not shown),
in agreement with recent findings by Maraskovsky and colleagues (Luft 2002, Jefford 2003),
which may indicate that serum contains substantial amount of PGE, (data not shown).
Indeed, overnight addition of only PGE; in the absence of FCS, facilitated PBDC migration
(data not shown). Stimulation of PBMC with poly I:C alone permitted only a few PBDCs to
chemotax to CCR7 and CXCRA4 ligands, whereas the further addition of PGE; to the culture
medium induced a migratory phenotype (Figure 1A, B). Similarly, sCD40L matured PBDCs
efficiently migrated only in the presence of PGE, (data not shown). The lack of
responsiveness of ex vivo and poly I:C stimulated PBDCs was not due to the lack of CCR7
and CXCR4 surface expression. All ex vivo PBDCs expressed CCR7 and CXCR4 as
measured by flow cytometry (Figure 1C). Stimulation with poly I:C led to an up-regulation of
CCRY and to a down-regulation of CXCR4, but PGE; had no significant effect on the surface
expression of these receptors on matured PBDCs (Figure 1C). We further characterized the
surface phenotype of PBDCs and found that freshly isolated CD1c” DCs expressed high
levels of HLA-DR and the co-stimulatory molecule CD86, but not CD80 and CD83 (Figure
1C). Maturation of PBDCs by poly I:C led to a marked up-regulation of CD83, CD80, and
CD86, independently of the addition of PGE,. Since IL-4 as well as IL-13 have been used to
differentiate DCs in vitro (Sozzani 1997, Chomarat 1998, Morse 1999b), we compared the
effect of these two cytokines on the maturation of PBDCs. However, surface expression of
chemokine receptors and maturation markers were similar (Figure 1C). Although the
chemotactic responses to CCL21 and CXCL12 was higher in IL-4 PBDCs (Figure 1A)
compared to IL-13 PBDCs (Figure 1B), in both cases, PGE, was mandatory for the efficient

migration of peripheral blood myeloid DCs.
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Figure 1. PGE; is required for human ex vivo myeloid DC migration in response to CCR7 and CXCR4
ligands. PBDCs were isolated from peripheral blood of healthy donors and directly analyzed for their migratory
capacity towards the chemokines CCL21 and CXCL12 (ex vivo). Alternatively, PBDCs were cultured in serum-
free medium containing GM-CSF and IL-4 (A) or GM-CSF and IL-13 (B) and stimulated or not with poly |:.C
and/or PGE; as indicated. Mean values and SEM of 5 (A) or 4 (B) independent experiments are shown.
Asterisks indicate statistical significance with p values < 0.05 for * and p < 0.005 for **. (C) The surface
expression of CD1c, CD83, HLA-DR, CD80, CD86, CCR7, and CXCR4 on ex vivo and cultured PBDCs was
analyzed by flow cytometry. The solid line corresponds to PBDCs cultured in GM-CSF plus IL-4, whereas the
dashed line represents PBDCs cultured in GM-CSF plus IL-13. Corresponding isotype controls are shown as thin
gray line. Numbers indicated represent the mean fluorescence intensities for IL-4 (upper value) and for IL-13
(lower value).

Influence of IL-4 and IL-13 on endogenous PGE; production in DCs

To further characterize the role of PGE, on mediating chemotaxis, we used monocyte-
derived DCs, which are most frequently applied for immunotherapies. First, we investigated
the endogenous production of PGE, by MoDCs as well as by PBDCs. To this end, we
collected culture supernatants of immature and poly I:C matured MoDCs generated with IL-4
or IL-13 in the presence of GM-CSF. Immature MoDCs cultured for 2 days with IL-4 secreted
on average 10.6 ng/ml of PGE,, similar to poly I:C matured MoDCs which produced 9.7
ng/ml of PGE; (Figure 2). Immature MoDCs differentiated with IL-13 and GM-CSF produced
a comparable amount of PGE,, namely 8.9 ng/ml (Figure 2). In contrast, a more than 7-fold
increase of secreted PGE, (67.9 ng/ml) was measured in the supernatant of mature IL-
13/GM-CSF MoDCs (Figure 2). Similarly, PBDCs cultured overnight in medium
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supplemented with IL-13/GM-CSF produced on average 8 times more PGE, than PBDCs
cultured in medium containing IL-4/GM-CSF, namely 11.9 versus 1.5 ng/ml of PGE; (Figure
2). This result is in agreement with the finding that IL-4 suppressed endogenous production
of PGE; in matured MoDCs by inhibiting the cytoplasmatic form of phospholipase A, (Zelle-
Rieser 2002).

Figure 2. Mature DCs generated with GM-CSF and
IL-13 release high amounts of PGE,. Monocytes
were differentiated into immature DCs with GM-CSF
and IL-4 (IL-4) or GM-CSF and IL-13 (IL-13) and were
either left immature (iDC) or were matured by the
addition of poly I:C (mDC). Ex vivo PBDCs were
cultured in medium containing GM-CSF and IL-4 or
GM-CSF and IL-13. The release of PGE; into the
A supernatant of DC cultures was determined after 48 h
B for MoDCs, or 18-20 h for PBDCs by enzyme

immunoassay. Mean values and SEM from
L4 IL-13 L4 IL-13 supernatants derived from three to six donors are
shown.
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Next, we intended to analyze in detail the two media used to generate MoDCs under serum-
free conditions used for clinical applications. To this end, monocytes were either cultured for
5 to 6 days in either IL-4/GM-CSF or IL-13/GM-CSF and matured by the addition of poly I:C
for 2 days, both in the absence or presence of graded concentrations of PGE,. Similar levels
of CD83, HLA-DR, CD80, and CD86 were expressed on immature MoDCs irrespective of the
presence of IL-4 or IL-13 (Figure 3). However, exogenous addition of PGE, to immature
MoDCs generated in the presence of IL-4, in contrast to IL-13, substantially up-regulated
CD83 and CD80 surface expression (Figure 3). The addition of 1 ug/ml of PGE; in
conjunction with poly I:C for MoDC maturation had no effect on surface expression levels of

the tested markers in both, IL-4 and IL-13, culturing conditions (Figure 3).
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- Figure 3. Influence of PGE; on phenotypic MoDC

A 4 maturation. Human peripheral blood monocytes were

/N cultured in serum-free medium containing either GM-
) CSF and IL-4 (solid line) or GM-CSF and IL-13
(dashed line) in the presence or absence of PGE; to
differentiate into immature DCs (iDC). DCs were
matured (mDC) by the addition of poly I:C (+/-PGEy)
for 2 days. Surface expression of CD83, HLA-DR,

g =5l o CD80, and CD86 was measured by flow cytometry.
4 | 123| of A} 701 Corresponding isotype controls are depicted as thin

J\ * / dashed line. A representative experiment out of eleven

T YT T e TT v e

Ty T e YT T e

for IL-4, respectively eight for IL-13, is shown.
Numbers indicated represent mean fluorescence
intensities for IL-4 (upper number) and for IL-13 (lower
number).

C o2 - T S

18



CHAPTER 2

Next, we investigated the chemotactic responses of MoDCs to various chemokines and
chemoattractants. Therefore, we matured MoDCs generated in medium containing IL-4/GM-
CSF with poly I:C in the presence of graded concentrations of PGE,. Mature MoDCs in the
absence of PGE; migrated neither in response to the chemokines CCL21 and CXCL12 nor to
the chemoattractant C5a (Figure 4A). In contrast, exogenous addition of as little as 10 to 50
ng/ml of PGE, during maturation was sufficient to allow MoDCs to chemotax in response to
CCL21, CXCL12 as well as to C5a (Figure 4A). The migration efficiency of mature MoDCs
further increased with higher PGE, concentrations. To substantiate this finding, we subjected
immature as well as mature MoDCs that were cultured in the presence or absence of PGE,
to migration assays. Indeed, MoDCs generated in IL-4/GM-CSF medium migrated efficiently
only upon incubation with PGE, (Figure 4B). The migration efficiency was highest for all
attractants in PGE.-treated mature MoDCs, but migration of immature MoDCs cultured in the
presence of PGE, was also observed for all three ligands. In addition, similar numbers of
migrated cells to CCL21 were observed for sCD40L or LPS matured MoDCs, and migration
largely depended on the presence of PGE, during maturation (Figure 4C). Unexpectedly,
under identical conditions, none of the MoDCs migrated in response to fMLP (data not
shown). These results provide clear evidence that PGE; is generally required to develop a
migratory DC phenotype.

As mature MoDCs generated in the presence of IL-13 and GM-CSF endogenously produced
a similar amount of PGE; (Figure 2) as required for migration (Figure 4A), we analyzed the
migratory capacity of IL-13/GM-CSF MoDCs in Transwell assays. Surprisingly, endogenous
production of PGE; by IL-13/GM-CSF MoDCs was not sufficient to allow chemotaxis to any
of the chemoattractants, but MoDCs did migrate when they were cultured in the presence of
exogenous PGE, (Figure 4D). Strikingly, the PGE, effect on migration was even more
pronounced. CXCL12- and Cb5a-mediated migration was exclusively observed in poly
I:C/PGE2-matured MoDCs. In agreement with IL-4/GM-CSF MoDCs, immature IL-13/GM-
CSF MoDCs cultured in the presence of PGE, barely migrated towards CCL21, whereas
they did not respond to CXCL12 and C5a at all (Figure 4D).

Taken together, we demonstrated that the necessity of PGE; for the migration of DCs is not
due to the inhibitory effect of IL-4 on PGE, production. In fact, the maturation-induced
endogenous production of PGE, is not sufficient for migration of MoDCs as previously
suggested by Thurnher and co-workers (Zelle-Rieser 2002, Thurnher 2001). Moreover, our
results clearly indicate that PGE; is a general and mandatory factor for the development of a
migratory phenotype of human monocyte-derived as well as for peripheral blood myeloid

dendritic cells.
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Figure 4. PGE; is generally required for MoDC migration. (A) MoDCs were generated in medium containing
GM-CSF and IL-4 and matured with poly I:C in the presence of graded concentrations of PGE,. After 2 days, the
migration of mature DCs towards 250 ng/ml CCL21, 250 ng/ml CXCL12 and 10 nM C5a was measured in a
Transwell chemotaxis assay. The number of migrated cells cultured with 1 pg/ml PGE; was set to 100% for each
chemoattractant. Absolute average values for the migration towards CCL21, CXCL12, and C5a are 32.5, 16.0,
and 7.4 %, respectively (n=3). Basal migration in the absence of chemoattractants was always below 0.5 %.
Monocytes were differentiated into immature DCs (iDC) by culturing in medium supplemented with GM-CSF and
IL-4 (B, C) or GM-CSF and IL-13 (D) in the presence or absence of PGE, and matured with poly I:.C (A, B, D,)
sCD40L or LPS (C) (+/-PGE_) for 2 days. The migration of MoDCs was then analyzed by a Transwell chemotaxis
assay in response to CCL21, CXCL12 and C5a. Mean values and SEM from four to six independent experiments

of different donors are shown. Asterisks indicate statistical significance with p values < 0.05 for *, p < 0.01 for **,
and p < 0.001 for ***.

Role of PGE; on CCR7, CXCR4, and C5aR expression on MoDCs

To exclude that the impaired DC migration in the absence of PGE, was simply due to a lack
of receptor expression, we subjected MoDCs to flow cytometry analysis. As expected,
immature IL-4/GM-CSF MoDCs did not express CCR7 (Figure 5A), which is in agreement
with previous observations (Sallusto 1998, Sozzani 1998, Scandella 2002). Addition of PGE,
lead to a marked up-regulation of CCR7 on immature MoDCs which was further increased
upon maturation by poly I:C (Figure 5A). PGE, had no influence on CCR7 expression of
mature MoDCs. CXCR4 was expressed on immature as well as on mature MoDCs and PGE,
did not alter the expression level (Figure 5A). We were unable to detect C5aR surface
expression by flow cytometry using two different commercially available antibodies (data not
shown). Therefore, we performed real-time PCR to quantify mRNA levels of C5aR under the
various MoDC culturing conditions. C5aR mRNA was present in immature and mature
MoDCs (Figure 5B) and the amount of mRNA barely changed after maturation or after
stimulation with PGE,. Compared to immature MoDCs, we found on average a 6-, 2-, and 4-
fold increase in mMRNA levels after treatment with PGE,, poly I:C, and poly |:C/PGE,,
respectively (Figure 5B). For comparison, we also quantified mRNA expression of CCRY.
There, the up-regulation of CCR7 mRNA increased by 41-, 300-, and 378-fold compared to

immature MoDCs (Figure 5B). In agreement with the unresponsiveness to fMLP, we found
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neither surface expression nor mRNA for fMPL receptor under these conditions (data not
shown). However, the influence of PGE, on the expression levels of CCR7, CXCR4, and
C5aR was similar for MoDCs generated with IL-4 as compared to IL-13 (Figure 5). We
conclude from these data that the migratory inability of MoDCs without PGE; is not due to the
lack of CCR7, CXCR4 and C5aR expression; rather PGE, facilitated DC migration by a

mechanism distinct from modulating the level of receptor expression.

Figure 5. Impact of PGE; on the expression of

CCR7, CXCR4, and C5aR by MoDCs. The
~ chemokine receptor expression on immature and
% poly I:C matured MoDCs generated with GM-CSF
‘2 and IL-4 (A, black solid line; B) or GM-CSF and
-3002_6 IL-13 (A, gray dashed line; C) in the presence or
L2002 absence of PGE, was measured by flow
cytometry using CCR7 and CXCR4 specific
antibodies (A). Numbers indicated represent
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PGE; is required at early time-points of MoDCs maturation to permit migration

For a better understanding of how PGE, permits DC chemotaxis, we incubated maturing
MoDCs for different time periods with PGE,. As shown before, marginal or no migration in
response to CCL21 and CXCL12, respectively, was measurable for MoDCs matured with
poly I:C alone. However, the co-stimulation of MoDCs with PGE, and poly I:C during the first
12 h of maturation, followed by a further incubation of 36 h in the presence of poly I:C alone,
was almost as efficient as the stimulation with PGE, and poly I:C throughout the whole
maturation period with respect to chemotaxis of MoDCs towards CCL21 and CXCL12 (Figure
6). Surprisingly, poly I:C-matured MoDCs that exclusively received PGE, for the terminal 12
h of maturation were not attracted by the chemokines (Figure 6). These data suggest that
PGE, may induce the expression of so far unidentified genes, which enable DCs to sense a
chemokine gradient. Further experiments are required to unravel such a putative

mechanism.
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CCcL21 CXCL12

Figure 6. PGE; is required at early time-points of MoDCs
maturation to permit cell migration. Immature DCs differentiated
with GM-CSF and IL-4 were matured with poly I:C for 48 hours (poly
I:C) and assessed for chemotaxis towards CCL21 (left) and CXCL12
(right). PGE, was added either for the whole period of maturation
(48 h), for the initial 12 hours (12 h) or for the terminal 12 hours (12
h day 2) of maturation, respectively. In the case of adding PGE; at
maturation initiation, MoDCs were incubated in medium containing
20 pg/ml poly I:C and 1 ug/ml PGE; for 12 h, washed extensively
and seeded in fresh IL-4/GM-CSF medium containing 20 pg/ml poly
I:C and cultured for another 36 h prior to functional analysis. Mean
values and SEM of two to three MoDC preparations are shown.
Absolute average values for the migration towards CCL21, and
PGE, PGE, CXCL12 are 31.1, and 24.2 %, respectively.
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In humans, the two PGE, receptors EP2 and EP4 can mediate MoDC migration

Gene targeting experiments in mice revealed that exclusively PGE; receptor EP4 was critical
for Langerhans cells (LC) migration to draining lymph nodes in vivo (Kabashima 2003).
Human MoDCs express two out of the four described PGE; receptors, namely EP2 and EP4
(Scandella 2002) and it remains to be determined which of these receptors can trigger
human DC migration. To address this question, we made use of various specific EP2 and
EP4 agonists. MoDCs were matured for two days with poly I:C and incubated either in the
presence or absence of PGE,, or in the presence of an EP2 or an EP4 agonist, or a
combination thereof followed by testing the mobility of the DCs in a chemotaxis assay (Figure
7). In contrast to mouse LC, human MoDCs migrated readily in response to CCL21 upon
maturation in the presence of the EP2 agonists butaprost and ONO-AE1-259-01 similar to
MoDCs matured with poly I:C and EP4 agonists PGEs-alcohol and ONO-AE1-329 (Figure
7A). Each agonist on its own and the combination of either butaprost and PGE-alcohol, or
ONO-AE1-259-01 and ONO-AE1-329, were almost as potent as PGE; in facilitating DC
migration in response to CCL21 (Figure 7A). Along this line, addition of a 4-fold excess of the
EP4 antagonist ONO-AE3-208 over PGE, was unable to inhibit migration (Figure 7A). For
CXCL12- and Cb5a- mediated chemotaxis, the EP2 as well as EP4 agonists permitted
MoDCs to migrate, but the EP2 agonists were less effective (Figure 7B and C). In agreement
with these findings, the EP4 antagonist was able to partially antagonize the effect of PGE-.
Thus, in contrast to mouse LCs, human MoDCs require a signal mediated by either EP2 or

EP4 alone or the combination of both receptors to develop a migratory phenotype.
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Discussion

The maturation of DCs is a key event in the initiation of a T cell response. DC maturation
results in the up-regulation of CCRY7, which directs migration into the T cell zone of draining
lymph nodes. There, DCs will meet naive T lymphocytes that were recruited by the same
chemokine receptor. For the initiation of a T cell response, the up-regulation of CCR7 on
DCs may represent a point of no return, and it is intriguing to observe that CCR7 surface
expression is not enough to facilitate migration. Indeed, for a migratory phenotype, DCs
require a second stimulus that permits chemokine receptor signaling and subsequent
migratory response towards the chemokines. Recently, we and others have identified PGE;
as a permissive factor that couples CCR7 on human DCs differentiated from peripheral blood
monocytes by IL-4 and GM-CSF to signaling, e.g. protein kinase B activation, and ultimately
DCs migrated towards the chemokines CCL19 and CCL21 (Scandella 2002, Luft 2002,
Scandella 2004). Here we show that the effect of PGE, on MoDC migration is not restricted
to CCRY. Indeed, immature as well as mature MoDCs migrated exclusively to the constitutive

chemokine CXCL12 via its cognate receptor CXCR4, when PGE; was present in the culture
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condition (Figure 4). The effect of PGE, stimulation on CXCR4- and CCR7-mediated
migration was very similar with respect to the required dose of PGE, and the need for PGE,
early during maturation. Moreover, PGE, did not affect the cell surface expression of neither
of the two receptors on matured MoDCs (Figure 5). It is therefore likely, that the same PGE,-
triggered intracellular pathway determines the migratory capacity of CCR7 and CXCR4. In
addition, we demonstrate that PGE, is also a mandatory factor for the development of a
migratory DC phenotype for the complement fragment C5a, although the migration in
response to C5a was rather inefficient compared to CCL21 and CXCL12 (Figure 4). Under
our experimental setup MoDCs did not migrate in response to the bacterial chemoattractant
fMLP, although fMLP was fully active (data not shown). This was rather unexpected as
immature, but not mature, MoDC have been reported to migrate in response to fMLP and
Cb5a (Sozzani 1995, Sallusto 1998), whereas Yang et al showed chemotaxis in immature as
well as mature MoDCs (Yang 2000). However, at least the low portion of MoDCs that
specifically migrated towards C5a was only able to do so when immature or maturing MoDCs
were stimulated with PGE,. Nevertheless, we can conclude that PGE, is a general
permissive agent that controls MoDC migration in response to chemokines as well as
complement chemoattractants.

Is the need for PGE, for DC migration restricted to in vitro generated MoDCs? Maraskovsky
and colleagues reported that freshly isolated CD1¢c* PBDCs from human blood that were
expanded in vivo with FIt-3 ligand, did not require sensitization with PGE; as the stimulation
with CD40L in vitro sufficed to induce maturation and migration towards CCL19 under serum-
containing conditions (Luft 2002, Jefford 2003). In this study we have re-investigated this
issue by magnetically isolating CD1c* myeloid PBDCs and performing in vitro maturation and
migration assays in serum-free conditions identical to MoDC preparations approved for
clinical applications. Ex vivo PBDCs show a similar phenotype as immature MoDCs as they
lack surface expression of CD83 and CD80, and express moderate levels of HLA-DR and
CD86. Latter molecules are up-regulated upon maturation (Figure 1C). In contrast to
immature MoDCs, PBDCs express a substantial amount of CCR7. These data indicate that
peripheral blood DCs are similar to MoDCs in respect of migration but clearly represent two
different DC populations. Under serum-free conditions, both CCR7 and CXCR4, however,
are not functional, as the isolated PBDCs did not migrate to CCL21 and CXCL12 ex vivo.
Strikingly, addition of 10 % FCS to ex vivo PBDCs during the chemotaxis assay was
sufficient for PBDCs to migrate in response to CXCL12 (data not shown), thus confirming
previous findings (Luft 2002, Jefford 2003), but demonstrating that the presence of serum
has a major effect on DC migration. Indeed, FCS can contain sufficient concentrations of
PGE, to trigger migration (P. Krause, unpublished). Maturation of PBDCs with poly |:C

markedly up-regulated CCR7 expression and down-regulated CXCR4 expression but
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facilitated only a minor population to migrate in response to CCL21, whereas no migration
towards CXCL12 was observed (Figure 1A). But co-stimulation with PGE, and poly I:C or
sCD40L resulted in substantial migration to both chemokines. It hence appears that the
permissive function of PGE;, for DC migration is not confined to MoDCs, but is also valid for
PBDCs directly isolated from human blood under serum-free conditions. Taken together, our
findings suggest that PGE; is a general mandatory factor for dendritic cell migration. In this
context it is of interest that exogenous PGE, seem also to enhance the activities of
monocytes to certain chemokines (Panzer 2004, Kurth 2001).

It has been speculated that the permissive role of PGE, for MoDC migration may be a
consequence of the in vitro differentiation procedure. IL-4 has been reported to suppress the
endogenous PGE, production of MoDCs (Zelle-Rieser 2002, Thurnher 2001) by down-
regulating enzymes required for PGE, biosynthesis, such as phospholipase A, or
cyclooxygenase-2 (Mehindate 1996). For the differentiation and maturation of MoDCs IL-4
may be replaced by IL-13 (Sozzani 1998, Chomarat 1998, Romani 1996), which rather
enhances phospholipase A, expression at least in macrophages (Rey 1998). Thurnher and
colleagues thus hypothesized that MoDCs generated with IL-13 may be able to produce
PGE, which could potentially allow MoDCs to migrate (Thurnher 2001). To investigate
whether IL-13-MoDCs indeed produce PGE, and whether endogenous production of PGE,
by IL-13-MoDCs would facilitate migration, we generated MoDCs with IL-4 or IL-13 in the
presence of GM-CSF. Indeed, we found that the concentration of endogenously produced
PGE; in the supernatant of IL-4-treated mature MoDCs was very low (Figure 2). In contrast,
mature MoDCs raised in IL-13 and GM-CSF secreted more than 70 ng/ml PGE; into the
growth medium, which should suffice to trigger DC migration. Nevertheless, also IL-13-
treated MoDCs required the addition of exogenous PGE, to permit migration (Figure 4D).
Similarly PBDCs cultured in the presence of IL-13, compared to IL-4, secreted more PGE..
Although IL-13-DCs endogenously produced PGE,, they migrated for an unknown reason
less efficiently than IL-4-DCs. For a better understanding of the permissive role of PGE, for
MoDC migration, we investigated whether PGE, may act on the level of gene transcription or
whether PGE, may trigger a signal transduction module mandatory for chemotaxis. As
shown in Figure 6, PGE, was required during the first 12 h of maturation and could not
facilitate migration when added during the last 12 h of the maturation period. In several, but
not all, experiments it was even sufficient to add PGE; during the first 2 h of maturation (data
not shown). We are therefore in favor of the hypothesis that PGE, may regulate chemotaxis
by turning on or shutting off yet unknown genes required for migration. This may also explain
why the endogenous secretion of PGE, even by IL-13-treated MoDCs was insufficient to
accumulate enough PGE, during the initial period of maturation to facilitate migration.

Although the conditions in vitro and in vivo are difficult to compare, it may well be that in vivo
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the endogenous PGE; production by DCs is insufficient to trigger DC migration. Alternatively,
it may be that blood DCs have had contact with PGE, during maturation at sites of
inflammation. This may also explain why ex vivo PBDCs require a shorter period of PGE;
contact to acquire a migratory phenotype, or why they migrated in response to CXCL12 in
the presence of serum without PGE, supplementation (Luft 2002). Noteworthy, inflammation,
which promotes DC migration, is associated with the rapid induction of arachidonic acid
metabolism and PGE; production, thus leading to a local co-production of cytokines, such as
TNF-a and IL-13 and PGE; in inflamed lesions. The exogenous supply of PGE; may derive
from IL-1R, TNF-a- or LPS- stimulated macrophages or fibroblasts at sites of inflammation.

The essential role of PGE, for DC migration has been highlighted by Kabashima et al. in
gene targeted mice lacking the PGE; receptor EP4 (Kabashima 2003). The morphology and
density of class Il-positive Langerhans cells (LC) in epidermal sheets were similar in ptgerd™

+/+

and ptger4™ mice, indicating that EP4 deficiency does not affect LC generation or LC
recruitment into the tissue. However, LC emigration from ptger4™ skin explants and migration
into the draining lymph node after FITC application in ptger4” mice was significantly reduced
(Kabashima 2003). These experiments imply, that PGE, cannot be replaced by other agents
that up-regulate cAMP levels in DCs. Moreover, they open an attractive therapeutic option for
the pharmacological control of DC migration by the inhibition of the EP4 receptor. In human,
we have recently shown that two of the four PGE; receptors, EP2 and EP4, are expressed
on MoDCs (Scandella 2002). This is in accordance with the report by Luft et al. reporting that
an agonist specific for EP2 and EP4 can trigger MoDC migration, but not an agonist specific
for EP1 and EP3 (Luft 2002). In order to explore potential therapeutic options for the control
of MoDC migration in humans, we used two specific agonists each for EP2 and EP4 as well
as a specific antagonist of the EP4 receptor to dissect the role of these two PGE; receptors
for MoDC migration in vitro (Figure 7). To our surprise, the EP2 and EP4 agonists were both
equally competent in facilitating MoDC migration via CCR7. This finding was substantiated
by the fact that the specific EP4 antagonist could not inhibit the effect of PGE, in enabling DC
migration. Interestingly, for the migration towards CXCL12 and, even more pronounced, for
Cba, EP4 agonists seemed to be more potent than EP2 agonists which correlated with a
stronger inhibition of MoDC migration by the EP4 antagonist, although we observed
substantial donor to donor variations. Nevertheless, there seems to be a clear difference
between murine Langerhans cells and human MoDCs in the usage of PGE; receptors that
can mediate migration. This result is pharmacologically relevant as we surmise that the
treatment with EP2 and EP4 agonists or antagonists will most likely be required to interfere
with DC migration in humans.

In summary, we show that PGE; is a general and mandatory factor for human MoDCs and

PBDCs to migrate in response to the chemokines CCL21 and CXCL12 as well as to the
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chemoattractant C5a. Thereby, endogenous production of PGE, by DCs was not sufficient
for the development of a migratory phenotype. Furthermore and in contrast to mouse DCs,
which exclusively rely on EP4 receptor triggering for migration, human MoDCs require a

signal mediated by EP2 or EP4 either alone or in combination.

Material and Methods

Isolation of human peripheral blood myeloid DCs (PBDCs)

CD1c¢" myeloid DCs from peripheral blood of healthy donors were purified using the CD1c
(BDCA-1) Dendritic Cell Isolation Kit (Miltenyi Biotec, Bergisch-Gladbach, Germany)
according to the manufacturer's protocol. Briefly, peripheral blood mononuclear cells
(PBMCs) were separated by centrifugation over a density gradient of Ficoll-Paque
(Amersham Biosciences, Uppsala, Sweden), depleted of CD19" cells and positively selected
for CD1c. After isolation, ex vivo PBDCs were directly subjected to flow cytometric analysis
and transwell chemotaxis assays. Alternatively, PBDCs were cultured at 1x10° cells/ml in
AIM-V medium (Gibco, Paisley, UK) supplemented with 50 ng/ml GM-CSF (Leukomax®,
Novartis, Basel, Switzerland) and either 50 ng/ml IL-4 (PromoCell, Heidelberg, Germany) or
10 ng/ml IL-13 (PromoCell) and matured with 20 ug/ml poly I:C (Sigma, St Louis, MO) in the
presence or absence of 1 pg/ml PGE, (Minprostin® E2, Pharmacia, Uppsala, Sweden). After
18-20 h, cells were harvested and analyzed for their migration capacity and maturation status

by flow cytometry.

Generation of human monocyte-derived DCs (MoDCs)

Monocytes were positively selected from PBMCs of healthy donors using anti-CD14-
conjugated magnetic microbeads (Miltenyi Biotec) as previously described (28). CD14"
monocytes were cultured at 1x10° cells/ml in AIM-V medium supplemented with 50 ng/ml
GM-CSF and IL-4 (1:50 of the supernatant of an IL-4 producing J558 cell line) or 10 ng/ml IL-
13 (Dr. Adrian Minty, Sanofi-Synthelabo, France). After 5 to 6 days, immature DCs were
matured for 2 days by adding 20 ug/ml poly I:C, 0.5 ug/ml sCD40L (PromoCell), or 1 ug/ml
LPS (Sigma), and, where indicated, 1 ug/ml PGE,, 1 ug/ml of specific agonists for EP2
(Butaprost, Cayman Chemicals, Ann Arbor, MI; ONO-AE1-259-01, ONO Pharmaceutical,
Osaka, Japan), EP4 (PGE;-alcohol, Cayman Chemicals; ONO-AE1-329, ONO
Pharmaceutical) or 4 pg/ml of the specific EP4-antagonist ONO-AE3-208 (ONO

Pharmaceutical).
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Chemotaxis assay

DCs (2x10° cells in AIM-V medium) were placed on a polycarbonate filter (5 ym pore size) of
a 24-well Transwell plate (Corning Costar, NY) and allowed to migrate for 3 hours at
37°C/5% CO, to the lower chamber containing 250 ng/ml CCL21, 250 ng/ml CXCL12 (both
PromoCell) or 10 nM Cb5a (Sigma), respectively. Input and migrated cells were counted by
flow cytometry acquiring events of the appropriate size for 60 seconds. The number of
spontaneously migrated cells towards AIM-V medium without chemoattractants was

subtracted.

Flow cytometry

For flow cytometric analysis, MoDCs and PBDCs were stained at 4°C in PBS containing 0.5
% FCS and 0.1 % sodium azide using the following mouse anti-human mAb: anti-CD83-FITC
(Immunotech, Marseille, France), anti-HLA-DR-FITC, anti-CD86-FITC, anti-CD80-PE, anti-
CD88-PE (clone D53-1473), anti-fMLPR-PE (clone 5F1), anti-CXCR4 (mouse anti-human
mAb 12G5) (all from Becton Dickinson Biosciences, San Jose, CA), anti-CD88-FITC
(MCA1284F, Serotec, Oxford, UK), anti-CCR7 (rat anti-human mAb 3D12, kindly provided by
Dr. R. Forster, Hannover), biotin-labeled anti-CD1c, anti-biotin-PE (Miltenyi Biotec), anti-rat
IgG(Fab’),-FITC (Jackson, West Grove, PA), and anti-mouse IgG4-FITC (Silenus, Melbourne,
Australia). Cell-associated fluorescence was measured using a FACScan Il flow cytometer

(Becton Dickinson Biosciences).

Quantitative Real-Time PCR

Total RNA of DCs was isolated using the NucleoSpin RNA 1l kit (Macherey Nagel, Diren,
Germany) and transcribed into cDNA using the Reverse Transcription System Kit (Promega,
Madison, WI) according to the manufacturer’s protocols. Real-Time PCR was performed
using a LightCycler together with the LightCycler FastStart DNA Master SYBR Green | kit
(Roche, Mannheim, Germany) according to the manufacturer's recommendations. Briefly,
the cDNAs were initially denatured for 10 min at 95°C. Specific DNA fragments were
amplified with steps of 15 sec at 95°C, 5 sec at 60°C, and 11 sec at 72°C for 50 PCR cycles.
The following oligonucleotide primers were used: for C5aR: 5'- CAG GAG ACC AGA ACA
TGA ACT CC and 5’- TAC ATG TTG AGC AGG ATG AGG G, for CCR7: 5'- CCT GGG GAA
ACC AAT GAA AAG C and 5- GAG CAT GCC ACT GAA GAA GC, and for GAPDH
(glyceraldehyde-3-phosphate dehydrogenase): 5’- GAA GGT GAA GGT CGG AGT C and 5'-
GAA GAT GGT GAT GGG ATT TC. Optimal MgCl, concentrations were 3 mM for C5aR and
CCR7, and 4 mM for GAPDH. The amount of amplified DNA fragments was normalized to
GAPDH mRNA and the specificity of the PCR products was verified by determining the

melting profiles and analyzed by agarose gel electrophoresis.
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Quantification of PGE; by enzyme immunoassay (EIA)
Culture supernatants of immature and mature MoDCs were collected after two days of
stimulation and the amount of secreted PGE, was determined using the PGE.-EIA kit

(Cayman, Ann Arbor, MI) according to the manufacturer’s instructions.

Statistical evaluation

Differences between groups were assessed by the student’s paired t test.
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Prostaglandin E, (PGE>) inhibits expression of Sprouty2 and

Spredl in human monocyte-derived dendritic cells

Abstract

Monocyte-derived dendritic cells (MoDCs) are commonly used in immunotherapeutic DC-
based cancer vaccination protocols. We have shown previously the pivotal role of
Prostaglandin E, (PGE,) for the development a migratory phenotype of mature MoDCs.
While the enhancing effect of PGE, on chemotactic responses seems to apply to DCs in
general, only DCs matured in the presence of PGE, showed chemotactic responses to
various attractants. However, the mechanism by which PGE; facilitates migratory capacities
of DCs has not been identified. We here identify two proteins, namely Sprouty2 and Spred1,
which are negatively regulated by PGE, during MoDCs maturation. Sprouty2 and Spredl are
best described so far as negative regulators of the ERK/MAPK pathway in response to
growth factor stimulation and have not been reported in DCs yet. Since the PGE,-induced
migratory phenotype of MoDCs correlates with the PGE,-promoted down-regulation of
Sprouty2 and Spredl expression we investigated if Sprouty2 and Spredl are involved in the
regulation chemokine receptor signaling. Surprisingly, we found that over-expression of
Sprouty2 or Spredl inhibited CXCR4-mediated chemotaxis of MoDCs while migration via
CCR7 was not affected. Our data imply a new regulatory mechanism for chemokine

receptor-mediated signaling pathways.
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Introduction

DCs are the main antigen-presenting cell type of the immune system. After they have taken
up antigen in the periphery, which induces the process of maturation, DCs migrate to the
draining lymph node to present the antigen to T and B lymphocytes. Clonal expansion of
antigen-specific lymphocytes produces a pool of functional effector cells to cope with the
infection. Since the induction of an adaptive immune response depends on the presentation
of antigen in secondary lymphoid organs, the ability of DCs to migrate is an essential
prerequisite and important to understand. Prostaglandin E, (PGE,) is an inflammatory
mediator of the prostanoid family and is produced by a variety of cells in response to
physiological or pathological stimuli (Gualde 2004). The crucial role for PGE, during
maturation of dendritic cells (DCs) in order to facilitate a migratory phenotype has been well
established (Scandella 2002, Luft 2002, Legler 2006). However, the mechanism by which
PGE, promotes migratory capacities remains unknown.

In mammals, Sprouty proteins have been described as antagonists in a variety of
physiological processes like cell proliferation, cell motility, and receptor trafficking.
Additionally, Sprouty is implied in the regulation of developmental branching processes like
angiogenesis (Lee 2001, Zhang 2005) or lung development (Mailleux 2001). Sprouty proteins
are conserved regulators of receptor tyrosine kinase (RTK) signaling, that were first identified
in Drosophila (Hacohen 1998, Casci 1999). In human, four Sprouty homologs have been
described so far, termed Sproutyl-4, (Minowada 1999, Tefft 1999) all of which share a
unique, highly conserved cysteine-rich C-terminal region. Although the N-terminal region of
Sprouty proteins is highly variable, it contains a conserved Src homology 2 (SH2) domain
binding motif including a central tyrosine residue (Y55 in Sprouty2) (Guy 2003, Rubin 2003).
The cysteine-rich C-terminal region of Sprouty proteins was thought to be unique until a
highly homologous region was identified in Sprouty-related proteins with EVH1 domain
(Spred), of which three mammalian isoforms exist (Wakioka 2001, Kato 2003). Beside the C-
terminal Sprouty-like cysteine-rich domain, Spred family members contain a N-terminal
EVH1 domain and a central c-Kit binding domain (Kato 2003, Wakioka 2001). Spredl is
primarily expressed in adult brain and some fetal tissues, and has been suggested therefore
to play a role during development (Engelhardt 2004).

Whereas Sprouty is evenly distributed in the cytoplasm of unstimulated cells, ligand-
dependent RTK activation leads to translocation of Sprouty to the leading edge of the plasma
membrane (Impagnatiello 2001, Lim 2000, Lim 2002). Additionally, Sprouty2 has been
reported to be localized to endosomes (Kim 2007) or microtubules (Lim 2000, Mason 2004).

The testicular protein kinase 1 (Teskl) has been recently identified as a negative regulator of
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Sprouty2 function. Upon growth factor stimulation, co-expression of Teskl inhibits the
translocation of Sprouty2 to membrane ruffles (Chandramouli 2008).

Like Sprouty, Spred proteins are best described so far as membrane-associated suppressors
of growth factor-induced activation of the Ras/Raf/MAPK signaling pathway (Wakioka 2001,
Hacohen 1998, Kramer 1999, Reich 1999, Miyajima 1992). After receptor activation Grb2
(growth factor receptor-bound 2) binds to phosphorylated tyrosine residues of the receptor or
phosphorylated adaptor molecules. Forming a complex with SOS (son of sevenless), Grb2
activates Ras by exchange of bound GDP with GTP. GTP-bound Ras recruits Raf-1 which in
turn is activated. The kinase MEK is phosphorylated and activated by Raf, which leads to
phosphorylation and activation of ERK (Lowy 1993, Robinson 1997, Kerkhoff 2001).
Activated ERK targets various cytoplasmatic and membrane-linked proteins for activation.
Moreover, ERK is rapidly translocated into the nucleus where it activates transcription
factors (Karin 1995, Hunter 2000). The ERK signaling pathway has been implied in several
cellular processes like cell proliferation, differentiation and migration (Davis 2000, Kampen
2000).

Sprouty can affect RTK signaling at different levels which may be dependent on the cellular
context (reviewed in Kim 2004). Inhibition of growth factor-mediated signaling by Sprouty has
been described either at the level of Raf activation (Yusoff 2002, Sasaki 2003) or upstream
of Ras by interference with the Grb:Sos complex (Lao 2006). The inhibitory effect of Spred
has been suggested at the level of Ras-mediated activation of Raf (Wakioka 2001). Sprouty
proteins may be very selective inhibitors, since they reportedly interfere with fibroblast growth
factor- (FGF) mediated ERK activation while they do not affect epidermal growth factor
(EGF)-induced signaling (Impagnatiello 2001, Sasaki 2001, Egan 2002, Wong 2001).
Several interaction partners have been discovered for Sprouty including c-Cbl (cellular
homologue of Casitas B lineage lymphoma proto-oncogene product), Grb2, Raf-1,
Caveolinl, Gapl (GTPase-activating protein), FRS2 (fibroblast growth factor receptor
substrate 2), SHP-2 (Src homology 2 domain-containing protein-tyrosine phosphatase 2),
Teskl, PTP1B (protein tyrosine phosphatase 1B), and PTEN (Casci 1999, Sasaki 2003,
Wong 2001, Impagnatiello 2001, Leeksma 2002, reviewed in Dikic 2003 and Kim 2004;
Yigzaw 2003, Edwin 2006). Of these Raf-1 and Caveolinl are also reported to bind to Spred
(Sasaki 2003, Nonami 2005), and are considered to be necessary for inhibition of ERK
phosphorylation by both Spry and Spred.

Phosphorylation of Sprouty proteins is crucial for their physiological function (Rubin 2003,
Hanafusa 2002, Sasaki 2001, Tefft 2002, Mason 2004, Fong 2003). Sprouty2 can be
phosphorylated at the N-terminal Y55 (Rubin 2003, Hanafusa 2002, Wong 2001, Fong 2003)
or at C-terminal tyrosine residues, which plays a role in the specific Sprouty2-mediated

inhibition (Rubin 2005). As recently discovered, phosphorylation of Sprouty2 can also occur
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on conserved serine residues, which leads to the stabilization of the protein and is involved in
its activation upon growth factor stimulation (Lao 2007, DaSilva 2006).

An inhibitory effect of Sprouty proteins on cell migration has been reported mainly in context
with growth factor-induced signaling. The expression of human Sprouty2 in HelLa cells for
example not only inhibits proliferation but also abrogates the migration-enhancing effect of
growth factors (Yigzaw 2001). Additional data for the involvement of Sprouty in migratory
processes come from embryonic development of Xenopus laevis, where Sprouty2 inhibits
the FGF-mediated movement of mesodermal cells during gastrulation (Nutt 2001). The ability
of human Sprouty2 to inhibit growth factor-mediated cell migration has been attributed to its
C-terminal domain (Yigzaw 2001). Interestingly, blocking of ERK activity is no prerequisite for
Sprouty2-mediated inhibition of migration. EGF-induced ERK activation is not altered by
over-expression of human Sprouty2 in HelLa cells, although proliferation and EGF-mediated
migration is markedly attenuated (Yigzaw 2001, Yigzaw 2003). The anti-migratory effect of
human Sprouty2 has been suggested to be mediated by up-regulation of PTP1B activity,
which is accompanied by reduced protein tyrosine phosphorylation (Yigzaw 2003).

In this study, we identified Sprouty2 and Spredl to be negatively regulated by PGE, during
maturation von MoDCs. Because PGE, promotes the migratory phenotype of mature DCs,
we attempted to determine a new regulatory mechanism of chemokine receptor signaling

involving Sprouty2 and Spred1.

Results

PGE; inhibits expression of Sprouty2 and Spredl1 in mature MoDCs

PGE; is a crucial prerequisite during human DC maturation in order to induce a migratory
phenotype (Scandella 2002, Luft 2002, Legler 2006). Although its key role is well
established, the underlying mechanism by which PGE, enables chemotaxis is still unclear.
To understand how PGE; increases responsiveness to chemokines and chemoattractants,
we performed a global gene expression analysis. Therefore, we generated MoDCs and
induced maturation in the absence or presence of PGE, using poly I:C or sCD40L. After 2
days of maturation cells were harvested and total RNA was extracted. The gene expression
profiling was performed by Altana Pharma (Konstanz, Germany).

Results from the gene expression analysis showed two related gene products to be
negatively regulated by PGE,, namely Sprouty2 and Spredl. To corroborate these findings
we analyzed MoDCs matured in the absence or presence of PGE, by quantitative real-time
PCR. MoDCs were matured via TLRS3 ligation using poly I:C or through stimulation of CD40.

Regardless of the maturation pathway used, addition of PGE, leads to a 90% down-
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regulation of Sprouty2 expression (Figure 1A). MoDCs matured in the presence of PGE,
showed a 95% lower expression of Spredl compared to MoDCs matured without PGE,
(Figure 1B). Since we found a substantial donor to donor variation with poly I:C-matured
MoDCs, it is not possible to directly compare the degree of inhibition induced by PGE; in

MoDCs matured with different stimuli.
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We next determined the expression of Sprouty2 on protein level. MoDCs were matured in the
absence or presence of PGE; using sCD40L or poly I:C. Mature MoDCs were harvested and
Sprouty2 expression was analyzed by Western Blotting. The down-regulation of Sprouty2
which was observed on mRNA level (Figure 1) was mirrored on protein level since PGE;
strongly inhibited Sprouty2 protein expression in mature MoDCs (Figure 2). We could not
analyze the expression of Spredl on protein level due to unavailability of a specific anti-

human Spred1 antibody.

sCDA0L poly I:C Figure 2. Sprouty?2 protein expression is inhibited in MoDCs

matured in the presence of PGE;. MoDCs were generated and

-+ -+ PGE; matured either with sCD40L (left panel) or with poly I:C (right

1 panel) in the absence or presence of PGE,. After two days of

Sprouty2 . - - ! maturation protein content was analyzed by Western blotting. For

the detection of Sprouty2 an anti-human Sprouty2 specific
. - N antibody was used. The blot was re-probed with anti-R-actin
R-actin S - antibody to ensure equal protein loading.

Since the mRNA expression of Sprouty2 was quantified between mature MoDCs as a
function of the presence of PGE, (Figure 1), we additionally analyzed Sprouty2 expression

profile of immature MoDCs and its development during maturation. Therefore, maturation
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was induced in immature MoDCs using sCD40L in the absence or presence of PGE,. Cells
were harvested after 6h, 24h or 48h of maturation and analyzed for their content of Sprouty2
MRNA. Expression levels were compared to immature MoDCs from the same donor.
Interestingly, Sprouty2 mRNA expression was induced early during maturation in the
absence of PGE, (Figure 3A). However, the expression of Sprouty2 stabilized again on the
same level as observed in immature MoDCs at later phases of maturation. The presence of
PGE; during maturation inhibited Sprrouty2 mRNA expression even at early time-points and

throughout maturation (Figure 3A).

Figure 3. Kinetic effects of PGE, during MoDC
>k maturation. (A) Expression of Sprouty2 mRNA in
l MoDCs during maturation and the effect of PGE,.
1.5 Immature MoDCs (grey bar) and MoDCs matured with
sCDA40L in the absence (white bars) or presence (black
1.04 — -— bars) of PGE, were analyzed for Sprouty2 expression
on mMRNA level by quantitative real-time PCR.
Maturation was stopped and cells analyzed after 6h,
0.54 24h, or 48h of maturation. Expression of Sprouty2
i mMRNA was normalized to two housekeeping genes and
calculated relative to Sprouty2 expression in immature
-+ - 4+ - + PGE, MoDCs of the same donor. Mean values and SEM of
6h 24h 48h iiﬁo\il:lwgependent experiments with different donors are
sCD40L (B) Early and short time presence of PGE, during
MoDCs maturation is sufficient to induce a migratory
phenotype. MoDCs were matured via CD40 stimulation
L GRAR o in the absence (white bar) or presence of PGE,. Where
T == * indicated, PGE, was removed after 4h, 16h, or 30h of
maturation and maturation continued in the absence of
PGE,. After 42h of maturation, MoDCs were analyzed
in chemotaxis assays for their migratory behaviour
204 towards 250 ng/ml CCL21. Specific migration was
calculated relative to the number of input cells after
10+ subtraction of spontaneous migration to medium alone.
Means and SEM of 6 independent experiments with
different donors are shown. (A, B) Statistical
- 4h  16h 30h 42h PGE, significance was calculated using paired student’s t-test
<CDA0L with * p<0.05, ** p<0.01, and *** p<0.001.
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Because the addition of PGE, affected expression of Sprouty2 mRNA already after 6h of
maturation, we determined the time period in which the presence of PGE, was necessary to
establish migratory properties. To this end, MoDCs were matured through stimulation of
CD40 while PGE, was added for the initial 4h, 16h or 30h of maturation, or for the whole
time. Migratory capacities were analyzed in response to CCL21 after two days of maturation.
Surprisingly, the addition of PGE, for only the first four hours of maturation was sufficient to
induce full migration (Figure 3B). Hence, the early inhibitory effect of PGE, on Sprouty2
MRNA expression correlates with the full migratory ability of short-term PGE,-treated
MoDCs.
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Effects of Sprouty2 over-expression in lymphoid cell lines

Since we found that the PGE,-induced migratory phenotype of mature MoDCs correlates
with a decreased expression of Sprouty2, we attempted to analyze the role of Sprouty?2 in
migration of DCs. In order to introduce strong Sprouty2 expression and monitor its effect on
chemotactic behaviour of transfected cells, we cloned Sprouty2 into the pEGFP-N1 vector,
thereby creating a Sprouty2-EGFP fusion construct. The GFP fusion allows determination of
transfection efficiency and analysis of only the population carrying the Sprouty2 construct.
Additionally, we created an EGFP fusion construct of a Sprouty2 mutant, termed SPRY2-
Y55A-EGFP. In this mutant, which was a kind gift Dr. Akihiko Yoshimura (Kyushu University,
Japan), the N-terminal tyrosine residue on position 55 is substituted by an alanine, disabling
phosphorylation at this position.

We used lymphoid cell lines as model systems for the analysis of Sprouty2 in chemotactic

processes of immune cells.

A

w

Figure 4. Over-expression of Sprouty2 does not
affect CCR7-mediated migration of Raji cells. Raji
cells were transfected with pEGFP-N1, SPRY2-EGFP,
or a mutant Sprouty2 lacking the tyrosine residue at
position 55 (SPRY2-Y55A-EGFP). As controls, cells
were also transfected without plasmid. (A)
Transfection efficiency was analyzed by flow
cytometry. Percentage of living, GFP-expressing cells
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are given. (B) Transfected or non-transfected cells (-)
were analyzed for migratory properties in response to
CCL21 [500 ng/ml] using Transwell chemotaxis
assays. Specific migration of living (white bars) or
living, GFP-expressing cells (black bars) are shown

from one experiment out of two performed.

The first cell line we used was Raji, a human lymphoblast-like cell line generated 1963 from
an eleven year old male Burkitt's lymphoma patient. Raji cells could be transfected using
Amaxa nucleofector technology. Transfection efficiency for Sprouty2-EGFP and Sprouty2-
Y55A-EGFP fusion proteins yielded around 20% (Figure 4A). Although Raji cells express
CCR7 and CXCR4 (data not shown), only a small proportion of cells migrated specifically
towards CCL21 (5-8%, Figure 4B). Specific migration towards CXCL12 was even less (below
2%, data not shown). Expression of pEGFP-N1 alone did not alter the migratory capacity of
Raji cells towards CCL21 (Figure 4B). However, over-expression of Sprouty2-EGFP as well
as the Y55A-phosphorylation-deficient mutant had no effect on chemotactic responses of
Raji cells (Figure 4B). Since transfection efficiency and specific chemotactic responses were
very low, we sorted Raji cells one day after transfection to gain a pure population of cells
highly expressing Sprouty2-EGFP and a control population negative for Sprouty2-
expression. Although the procedures of transfection and sorting are very harsh, more than
80% of the cell population was still viable as tested by ToPro3 staining with flow cytometry
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(Figure 5A). As depicted in Figure 5A, over 94% of the population selected for Sprouty2-
EGFP-positive cells highly expressed Sprouty2-EGFP. When subjected to chemotaxis
analysis, Sprouty2-EGFP expression had no effect on migration of Raji cells towards
different concentrations of CCL21 (Figure 5B). In previous studies, Sprouty2 has been shown
to inhibit growth factor-induced ERK activation (Martinez 2007). Therefore, we analyzed
chemokine-induced ERK activation in addition to migration in the same sorted populations of
Raiji cells. In those cells that had been sorted for their lack of Sprouty2-EGFP expression,
termed Sprouty2-EGFP-negative, ERK-phosphorylation could be induced with CCL21 as well
as with CXCL12. In Raji cells over-expression of Sprouty2-EGFP had no effect on ERK
activation. ERK was strongly phosphorylated in response to CXCL12 and could also be
detected after CCR7 stimulation. Phosphorylation of ERK was weak after stimulation with

CCL21 in Sprouty2-EGFP-positive cells as well as in Sprouty2-EGFP-negative cells.

0.0 I o7 [ 5n
no ~ — ——
transfection é 4 —
— =i =
v
0,0 |75 o030 E 34
0.00 I '\'_ 16.51| 1481 .g,
"“ B £ 24
SPRY2-GFP °
negative "5 1
@
o
0,00 o a3 - L] 0
L PRV | CCL21[500ng/ml]  CCL21 [1ug/ml]
SPRY2-GFP o transfection
postive , ? | 1 SPRY2-GFP negative
torros | oo | Was Il SPRY2-GFP positive
FSC
C SPRY2-EGFP SPRY2-EGFP
negative positive
o o~
N O 3 )
O =< &S] =<
! O (@) ! O O
PERK1/2 — -

ERK2 s b = wem === o

Figure 5. High expression of Sprouty2 does not alter Raji cell functions in response to chemokines. Raji
cells were transfected with Sprouty2-EGFP using Amaxa nucleofector technology. One day later cells were
sorted according to GFP expression into a high Sprouty-EGFP expressing population (Sprouty2-GFP positive)
and a Sprouty2-GFP negative population (A, right panel). Dead cells were stained with ToPro3 (A, left panel).
(B) Sorted transfected Raji cells were analyzed for chemotactic responses towards 500 ng/ml or 1ug/ml CCL21
using Transwell migration assays. As a control, untreated Raji cells were taken directly from culture (white bars).
(C) Sorted Sprouty2-EGFP negative and positive populations were stimulated for two min with CCL21 [1 pg/ml]
or CXCL12 [1 pg/ml], or left untreated (-). Cells were lysed, and activation of ERK was monitored by Western
blotting using a specific anti-human phospho-ERK1/2 antibody. To control protein loading, blots were re-probed
with an anti-human ERK2 antibody.
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As a second cell line model we used CEM cells, which are human T lymphoblastoid cells.
Analysis of the chemokine receptor profile on the surface of CEM cells revealed expression
of CCR4, CCRY7 (Figure 6A) and CXCR4 (Figure 6A), while CCR1, CCR5, CCR6, CCR9 and
CXCR2 were absent (data not shown). Using Amaxa nucleofection technology CEM cells
could be transfected with high efficiency, around 80% with pEFP-N1 (Figure 6B). CEM cells
were transfected with Spry2-EGFP yielding nearly 70% positive cells (Figure 6B). To
determine the effect of Sprouty2 on the migratory behaviour of CEM cells, we transfected
CEM cells with either pEGFP-N1 or Sprouty2-EGFP and performed chemotaxis assays one
day later. Cells carrying pEGFP-N1 migrated towards CCL21 (Figure 6C) and to a lesser
extend towards CXCL12 (Figure 6D). As already observed in Raji cells, over-expression of
Sprouty2-EGFP did not attenuate CCR7-mediated migration (Figure 6C). Interestingly,
migration towards CXCL12, however, was strongly inhibited when Sprouty2 was expressed
in CEM cells (Figure 6D). It could be possible that this inhibition of CXCR4-mediated
chemotaxis is dependent on the phosphorylation of the N-terminal tyrosine residue at
position 55. The Sprouty2-Y55A-EGFP mutant could be expressed with sufficient efficiency
in only one experiment. However, over-expression of Sprouty2-Y55A-EGFP in this
experiment had no effect on CXCR4-mediated migration, while Sprouty2-EGFP inhibited
chemotaxis towards CXCL12 completely (data not shown).

A

CCR7 CXCR4 Figure 6. Sprouty2 over-expression in

| CEM cells abrogates CXCR4-mediated
migration. (A) Surface expression of
CCRY7 (left, black line) and CXCR4 (right,

black line) was analyzed on CEM cells by
B no plasmid PEGFP-NI SPRY2.GEP flow cytometry. Grey thin lines represent

L UE L L staining using an isotype control. (B) CEM
cells were transfected with pEGFP-N1,
Sprouty2-EGFP, or with no plasmid, and
GFP signals were monitored one day after
transfection by flow cytometry. Numbers
indicate the percentage of living cells,
CCL21 CXCL12 which stained negative for ToPro3,
expressing GFP. (C, D) Transfected CEM
cells were analyzed for migratory
properties towards CCL21 (C) or CXCL12
(D) in Transwell chemotaxis assays.
Specific migration of only living, GFP
expressing cells is presented. Results
from three (C) and two (D) independent
experiments are shown.
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We also tried to induce over-expression of Spredl in CEM cells. Since the transfection
efficiency using the Spred1-EGFP construct was always very low, we can not draw general

conclusions. However, in one experiment, in which 42% of living cells were positively
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transfected with Spred1-EGFP, Spredl expression did not inhibit CCL21-induced migration
but completely blocked CXCR4-mediated chemotaxis (data not shown).

Although the migration experiments with Sprouty2- and Spred1-over-expressing cells need to
be reproduced, there is a clear tendency suggesting a role for Sprouty2 and Spredl in
CXCR4-mediated but not CCR7-mediated chemotaxis.

Effects of Sprouty2 and Spredl in chemokine-mediated responses of MoDCs

In order to analyze to role of Sprouty2 and Spredl in MoDCs, we established a protocol for
MoDCs transfection using Amaxa nucleofection. In this procedure, MoDCs are harvested two
days after induction of maturation and transfected as described in the Materials and Methods
section. To increase survival, MoDCs were transferred to RPMI containing serum after
transfection. One day after transfection MoDCs were analyzed for transfection efficiency and
migratory behaviour. Around 40% of mature MoDCs could be transfected with pEGFP-N1
(Figure 7A). Despite the harsh procedure of transfection and the prolonged culturing period,
pPEGFP-N1-transfected MoDCs still showed chemokine-directed migration (Figure 7B).

A
. — A Figure 7. Transfection efficiency and migration of
plasmid transfected MoDCs. MoDCs were generated and
. L matured by ligation of CD40 in the absence or
presence of PGE,. After two days mature MoDCs
: T were harvested and transfected with pEGFP-N1 (A,
_— _— lower panel) or no plasmid (B, upper panel) using
P ' | Amaxa nucleofector technology. (A) Transfection
i efficiency was analyzed one day after nucleofection
by flow cytometry. Numbers indicate the percentage
of EGFP expressing cells of all living MoDCs. Dead
cells were excluded from analysis by staining with
B —— SR ToPro3. (B) MoDCs expressing pEGFP-N1 were
analyzed for chemotactic responses towards 250
w ng/ml CCL21 or 250 ng/ml CXCL12 in Transwell
chemotaxis experiments. Only living, EGFP
PR expressing cells were taken into analysis. Dead cells
were stained with ToPro3 and excluded. Specific
T migration is presented as percentage of all living,
EGFP expressing cells. Mean values and SEM of six
(CCL21) or four (CXCL12) independent experiments
— with  different donors are shown. Statistical
i - +  PGE; significance was calculated using paired student’s t-

SCD40L test with p<0.01 for **.
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MoDCs that were matured in the presence of PGE, migrated more efficiently towards CCL21
and CXCL12 even though they were transfected with pEGFP-N1 (Figure 7B). By setting up a
protocol for the introduction of expression vectors in MoDCs without changing migratory
properties we were now able to analyze the effects of Sprouty2 and Spredl over-expression
in MoDCs. Although transfection efficiency varied between individual experiments, usually
15-45% of mature MoDCs expressed either pEGFP-N1 or Sprouty2-EGFP (Figure 8A).

Expression of Spredl was less efficient as already observed in CEM cells. To abrogate the
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PGE;-induced down-regulation of Sprouty2 and Spredl expression in mature MoDCs we
introduced Sprouty2-EGFP and Spred1-EGFP into MoDCs that were matured with sCD40L
in the presence of PGE,. As a control we also transfected pEGFP-N1. MoDCs matured in the
presence of PGE, and expressing pEGFP-N1 showed stronger migration towards CCL21
and CXCL12 compared to pEGFP-N1-expression MoDCs that were matured without PGE,
(Figure 8B, C). As observed in Raji cells and CEM cells, over-expression of Sprouty2 had no
effect on CCR7-mediated migration of MoDCs. Expression of Spredl could also not inhibit
migration towards CCL21 (Figure 8B). However, when the PGE,-induced down-regulation of
Sprouty2 was abrogated by over-expression of Sprouty2-EGFP, the enhanced migratory
capacity of PGE,-matured MoDCs towards CXCL12 was strongly inhibited (Figure 8C). Over-
expression of Spredl seemed to have a similar effect, although the observed donor to donor

variation demands reproduction of the experiment.

A sCD40L SCDA0L/PGE2 Figure 8. Over-expression of
; Sprouty2 and Spredl inhibits
- _ &3 | . & CXCR4-mediated but not CCR7-
plasmid | & mediated migration of MoDCs.
. é i MoDCs were matured using
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As in CEM cells and patrtially in Raji cells over-expression of Sprouty2 and Spredl in mature
MoDCs seems to inhibit CXCR4-mediated migration while migration via CCR7 is not
affected. These data suggest a specific role for Sprouty2 and Spredl in regulation of

chemokine-mediated responses.
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In growth factor mediated signaling Sprouty2 exerts its inhibitory effect by inhibition of ERK
phosphorylation. Since the expression levels of Sprouty2 and Spredl are diminished in
MoDCs matured in the presence of PGE,, we analyzed ERK activation after chemokine
receptor stimulation in mature MoDCs. Therefore MoDCs were matured using sCD40L in the
absence or presence of PGE,. After 2 days, cells were harvested and stimulated with CCR7
or CXCRA4 ligands. Phosphorylation of ERK was monitored by Western blotting. Signaling via
CCRY induced activation of ERK in MoDCs irrespective of the presence of PGE, during the
maturation process (Figure 9A). Although stimulation of CXCR4 induced stronger ERK
phosphorylation in MoDCs matured under PGE,-containing conditions (Figure 9B), ERK was
also activated in MoDCs matured without PGE,. The enhanced phosphorylation of ERK after
CXCR4 stimulation in PGE,-matured MoDCs correlates with the down-regulated expression
of Sprouty2 and Spredl. This could point to a regulatory role of Sprouty2 and Spredl in
CXCR4-mediated responses.

Figure 9. Effect of Sprouty2
sCD40L sCD40LPGE, over-expression on chemokine-
mediated ERK activation in
MoDCs. MoDCs were matured by

— - ligation of CD40 in the absence or
PERKIZ . ' ‘ presence of PGE,. Two days later
mature MoDCs were stimulated

0 2 6 0 2 [} min CCL19

ERKZ amp - o T - = for two, five, or ten minutes with 1
pg/ml CCL19 (A) or 1ug/mi
B sCD40L sCDMOL/PGE, CXCL12 (B). Activation of ERK

was analyzed by Western blotting

0 2 6 10 0 2 5 10 minCXCL12 5ing a  specific  anti-human
ERK1/2 antibody. Blots were re-
PERKIZ o e e S w B9 S probed with a specific anti-human
ERK2 antibody to control protein
ERK2 e Seees ey SN g— — —— — Ioading.

It has been shown previously that the expression of human Sprouty2 increases the amount
and activity of PTP1B, a phosphatase decreasing tyrosine phosphorylation of cellular
proteins. In Hela cells, over-expression of Sprouty2 led to a PTP1B-mediated decreased
phosphorylation of p130Cas (Yigzaw 2003). The phosphorylation status of pl30Cas
modulates migratory responses of cells (Cary 1998, Klemke 1998, Ruest 2001) because
p130Cas is a critical component of the focal adhesion complex (O’Neill 2000 Trends Cell Biol
10:111-119). Hence, the PTP1B-mediated decrease of p130Cas phosphorylation has been
suggested to contribute to the anti-migratory actions of Sprouty2. Since PGE, down-
regulates Sprouty2 in mature MoDCs, we tested if p130Cas phosphorylation takes place
after stimulation of chemokine receptors. In MoDCs matured in the presence of PGE,,
stimulation of CXCR4 induced stronger phosphorylation of p130Cas than CCR7 stimulation
(Figure 10). It still has to be determined, if p130Cas phosphorylation is inhibited by Sprouty2

expression in MoDCs matured in the absence of PGE,.
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coL2 CXCL12 Figure 10. Chemokine-mediated activation
of p130Cas in mature MoDCs. MoDCs were

0 1 & 78 1 6§ 76 min  patured by ligation of CD40 in the presence
phospho- of PGE,. After two days of maturation cells
p130Cas T were harvested and stimulated with CCL21

[Lpg/ml] or CXCL12 [1ug/ml] for one, five or
p130Cas - - - - - - - 7.5 min. _Phosphorylation of pl30Cas was
analyzed in comparison to untreated MoDCs
(0) by Western blotting using a specific anti-
human phospho-p130Cas antibody (upper

panel) . Blots were re-probed with an anti-
human p130Cas antibody.

The inhibition of p130Cas phosphorylation could contribute to the chemotactic inability of
MoDCs matured without PGE,. Additionally, it has to be tested if the over-expression of
Sprouty2 in PGE,-matured MoDCs which inhibits CXCR4-mediated migration correlates with
decreased phosphorylation of p130Cas.

Discussion

In mammals, the expression of Sprouty proteins and their role in the regulation of growth
factor-mediated processes have so far been best described in embryonic tissues like lung,
brain, heart, gut and muscles (reviewed in Kim 2004). The regulation of Sprouty2 in adult
tissues however has not been well characterized. In adult mice Sprouty?2 is highly expressed
in brain, lung and heart (Tefft 1999). Sprouty2-deficient mice show a severe phenotype
including hearing loss, enteric nerve hyperplasia and hypergangliosis, abnormal physiology
of the digestive motility system and reduced body size, and Sprouty2 deficiency leads to
premature death (Shim 2005, Taketomi 2005). Spredl has been reported to be primarily
expressed in adult brain and in some fetal tissues (Engelhardt 2004). Studies with knock out
mice revealed that Spredl is not vitally necessary for development and fertility, since adult
mice deficient for Spredl are viable and show no apparent defects (Bundschu 2005, Kuhnel
2004). However, loss of functional Spredl revealed its involvement in growth regulation,
since Spred1™ mice show a dwarf phenotype (Inoue 2005).

In this study we are the first to describe expression of Sprouty2 and Spredl in human
MoDCs. Sprouty2 mRNA was expressed in immature MoDC, but was further induced early
during the process of maturation. When maturation was initiated by sCD40L alone, the
expression level of Sprouty2 mRNA returned to the same level as observed in immature
MoDCs after 24 hours of maturation (Figure 3A). Addition of PGE, to the maturation cocktail
not only inhibited Sprouty2 expression after 48 hours of maturation (Figure 1A), but affected
expression of Sprouty2 already after six hours of maturation, since it counteracted the early

maturation-induced enhanced expression of Sprouty2 (Figure 3A). We analyzed time-
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dependent expression of Sprouty2 in comparison to immature MoDCs only after sCD40L-
induced maturation; for that reason we can not conclude if the induction of Sprouty2
expression is a general feature of early maturation or rather a CD40-signaling-specific
phenomenon. After growth factor-mediated stimulation Sprouty2 has been reported to be
induced in mammalian fibroblasts and endothelial cells. This induction has been shown to be
mediated by ERK activation and to serve as a negative feedback loop for the regulation of
this pathway, as Sprouty2 inhibits the ERK/MAPK pathway (Ozaki 2001, Impagnatiello 2001,
Sasaki 2001). Engagement of CD40 has been demonstrated to result in activation of the
ERK signaling pathway through activation of Src kinases in human MoDCs (Vidalain 2000),
and CD40-mediated signals induce Sprouty2 expression early during maturation of MoDCs.
Hence, the early CD40L-mediated induction of Sprouty2 expression during maturation of
MoDCs could be promoted by ERK activation. If Sprouty2 subsequently serves as a negative
regulator of CD40-mediated ERK signaling needs to be determined. It is also not clear what
effect the early expression of Sprouty2 might have on the process of maturation. CD40
signaling-mediated ERK activation controls the induction of certain cytokines like IL-1a and
IL-1R as well as the expression of the IL-1 receptor alpha chain (Vidalain 2000). Since the
CD40L-induced expression of Sprouty2 in MoDCs is temporary and restricted to very early
maturation, it is possible that in our system it does not play a role in the outcome of
maturation after 48 hours, since expression of Sprouty2 on protein level is very high in
MoDCs matured in the absence of PGE..

The presence of PGE; during two days of maturation results in MoDCs with strongly inhibited
Spry2 expression; additionally we found the expression of Spredl to be equally strong
attenuated. The inhibitory effect of PGE, seems not to be dependent on the maturation
stimulus, since we found PGE,-induced down-regulation of Sprouty2 and Spredl1 expression
in sCD40L and poly I:.C matured MoDCs. Moreover, PGE,-mediated inhibition of Sprouty2
expression on mMRNA level resulted in low level protein expression in both sCD40L- and poly
I:C-matured MoDCs. However, maturation with poly I:C or sCD40L resulted in different
expression levels of Sprouty2. MoDCs matured with poly I.C expressed Sprouty2 at lower
levels compared to sCD40L-matured MoDCs. This was evident in real-time PCR, where
there was less Sprouty2 mRNA in poly I:C-matured MoDCs (data not shown) and on protein
level (Figure 2). However, regardless of how much Sprouty2 protein was present in mature
MoDCs, PGE; strongly down-regulated Sprouty2 expression to the same level in poly I:C-
and sCD40L-matured MoDCs (Figure 1A). The signaling pathway by which PGE; inhibits
Sprouty2 and Spredl expression needs to be determined.

Several studies demonstrated in a variety of cell types that over-expression of Sprout2
(Yigzaw 2001, Lee 2004, Zhang 2005, Edwin 2006) inhibits migration and proliferation in

response to serum and growth factors. In contrast to Sprouty from Drosophila melanogaster
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(Kramer 1999), mammalian Sprouty proteins do not only inhibit but can also potentiate RTK
signaling (Cabrita 2003, Christofori 2003). In the case of Sprouty2, opposing effects of the C-
and the N-terminus were described in the regulation of EGF-receptor signaling (Egan 2002).
The actions of Sprouty2 are under regulation by Tesk1. Binding of Tesk1 inhibits the function
of Sprouty2 to interfere with ERK phosphorylation (Chandramouli 2008). Additionally, the
function of Sprouty2 can be controlled through its state of phosphorylation. Several studies
described the necessity of phosphorylation for the physical functions of Sprouty2 (Rubin
2003, Hanafusa 2002, Sasaki 2001, Tefft 2002, Mason 2004, Fong 2003). While in earlier
studies investigations focused on the crucial phosphorylation of the N-terminal tyrosine 55
(Rubin 2003, Hanafusa 2002, Wong 2001, Fong 2003), more recent reports show functional
activity of Sprouty?2 to be regulated by phosphorylation of C-terminal tyrosine residues (Rubin
2005) as well as serine residues (Lao 2007, DaSilva 2006). The activity of the Sprouty2 pool
can thus be controlled by their phosphorylation status as well as by interactions with other
proteins (Jarvis 2006). The complex actions of Sprouty2 and its regulation on multiple levels
make it difficult to dissect the role of Sprouty2 in migration of MoDCs. Over-expression of
Sprouty2-EGFP in MoDCs as well as in CEM cells inhibited CXCR4-mediated chemotaxis
(Figure 8C, 6D). The artificial over-expression of Sprouty2 might however not mimic
endogenous Sprouty2 expression, since posttranslational regulation mechanisms might
interfere with regularly produced Sprouty2 but can not cope with artificial over-expression.
Nevertheless, we found a correlation between the PGEj-induced migratory capacity of
MoDCs and the PGE,-mediated down-regulation of Sprouty2 expression. MoDCs matured
with sCD40L alone, which expressed a considerable amount of endogenously produced
Sprouty2 protein (Figure 2), showed only very low migration towards CXCL12 (Chapter 2
Figure 4B).

Over-expression of Spredl in MoDCs showed the tendency to strongly inhibit CXCR4-
mediated migration (Figure 8C), whereas chemotaxis via CCR7 was not affected (Figure 8B).
It should be pointed out that due to strong variations between donors and a limited number of
donors tested, the results for Spredl over-expression should be considered preliminary, until
further supporting data is obtained.

We find that stimulation of CCR7 or CXCR4 leads to the phosphorylation of ERK in mature
MoDCs independently of the presence of PGE, during maturation. However, although the
experiment needs to be reproduced with more donors, ERK activation after CXCR4
stimulation seemed to be enhanced in MoDCs matured in the presence of PGE,. However,
the requirement of ERK activation for CXCR4-mediated migration is controversial.
Interestingly, a very recent report described a role for CXCL12:CXCR4 in DC maturation and
survival (Kabashima 2007b). Thus, the enhanced ability of PGE,-matured MoDCs to induce
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ERK activation after CXCR4 stimulation could have regulatory effects on cell functions rather
than enhance migration.

Human Sprouty2 has been demonstrated to mediate its anti-migratory actions in part by
increasing the amount of soluble protein tyrosine phosphatase 1B (PTP1B) and its activity
(Yigzaw 2003). PTP1B dephosphorylates p130Cas in human cells (Yigzaw 2003), a critical
component of the focal adhesion complex (O’Neill 2000). As the activity of p130Cas is
controlled by its status of phosphorylation (Cary 1998, Klemke 1998, Ruest 2001), PTP1B
action limits p130Cas activity. Hence, Sprouty2-induced PTP1B activity decreases p130Cas
phosphorylation and migratory responses. Phosphorylation of pl130Cas is involved in
CXCR4-mediated signaling resulting in migration. In MoDCs that were matured in the
presence of PGE,, PGE; strongly decreased Sprouty2 expression, which may results in low
activity of PTP1B and subsequently effective phosphorylation of p130Cas. Indeed, we found
CXCR4-induced phosphorylation of p130Cas in MoDCs matured in the presence of PGE,
(Figure 10). The PGE,-promoted down-regulation of Sprouty2 could positively influence
migratory capacity towards CXCR4-ligands by prevention of PTP1B activation, which allows
p130Cas phosphorylation and thereby migration. Conversely, over-expression of Sprouty2 in
MoDCs might induce PTP1B and dephosphorylation of p130Cas and thereby inhibition of
migration. Analysis of the phosphorylation status of p130Cas in MoDCs over-expressing
Sprouty2 will show, if this hypothesis is correct. Additionally, MoDCs that were matured
without PGE, and express high levels of endogenous Sprouty2 should express larger
amounts of soluble PTP1B than PGE,-matured MoDCs that deactivates p130Cas and
inhibits migration.

We are the first to show expression of Sprouty2 and Spredl in human DCs. If the inhibitory
effect of PGE, on Spry2 and Spredl expression is specific for MoDC or applies to DCs in
general has to be determined. As inflammatory mediator, PGE; is produced in large amounts
during early processes of inflammation and therefore affects several cell types. It is possible
that PGE,-mediated signals affect Sprouty2 and Spredl expression in other cell types and
are involved in the modulation of inflammatory responses. The role of Sprouty and Spred
proteins has been scarcely investigated in human immune cell population. Spred1 has been
described recently as a negative regulator of mature late phase haematopoiesis. (Nonami
2004). Moreover, Spred-1 seems to play a role in the regulation of eosinophils during allergic
asthma processes (Inoue 2005).

Sprouty and Spred proteins have been never before implied in chemokine receptor mediated
processes. Over-expression of Sprouty2 and Spredl in mature MoDCs inhibits migration
towards CXCR4-ligand, and PGE,-induced attenuation of Sprouty2 and Spredl expression
correlates with enhanced migratory capacity via CXCR4. The pathway, in which both

Sprouty2 and Spred1 facilitate their negative effects on migration, seems not to be shared by
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CCRY7, since CCR7-mediated migration was not impaired after over-expression of those
molecules. We show here for the first time, regulation of Sprouty2 and Spredl expression in

human DCs, which plays a role in chemokine-mediated signaling and migratory responses.

Materials and Methods

Cell lines
CEM cells and Raji cells were maintained in RPMI 1640 (Lonza, Verviers, Belgium)
containing 10% FCS (Linaris, Wertheim-Bettingen, Germany), Penicilin/Streptomycin (100

IU/ml, Lonza) and 100 uM non-essential amino acid mix (Lonza).

Generation of monocyte-derived DCs (MoDCs)

Peripheral blood mononuclear cells (PBMC) were separated from peripheral blood of healthy
donors by centrifugation on Ficoll Paque Plus (Amersham Biosciences, Uppsala Sweden).
Monocytes were isolated by positive selection using anti-CD14 conjugated microbeads
(Miltenyi Biotec, Bergisch-Gladbach, Germany) and cultured at 1x10° in AIM-V (Gibco,
Paisley, UK) containing 50 ng/ml GM-CSF (Leukomax®, Novartis, Basel, Switzerland) and IL-
4 (1:50 supernatant of an IL-4 producing J558 cell line). After 5-6 days of differentiation,
immature MoDCs were harvested and maturation was induced by addition of 0.5 ug/ml
trimeric sCD40L (PromocCell, Heidelberg, Germany) or 20 ug/ml poly I:C (Sigma, St Louis,
MO) in the absence or presence of 1 pg/ml PGE, (Minprostin® E2, Pharmacia, Uppsala,
Sweden). Maturation usually took place during two days. Where indicated, maturation was

terminated at earlier time points to analyze mRNA content.

Quantification of SPRY2 and SPRED1 mRNA expression

MoDCs were harvested and total RNA was isolated using the RNeasy mini kit (Qiagen,
Hilden, Germany). Transcription into cDNA was performed using the Tagman® reverse
transcription reagent (Applied Biosystems, Rotkreuz, Switzerland) with random hexamer
primers according to the manufacturer’s instructions.

Sprouty2 was amplified using the SYBR Green PCR Master Mix (Applied Biosystems)
containing 200 nM forward (5° CGCGATCACGGAGTTCAGAT) as well as reverse primer (5’
GGTGTTTCGGATGGCTCTGAT) according to the manufacturer's instructions using the
Tagman 7700 (Applied Biosystems). For amplification of Spredl, 1 ul of cDNA was added to
QuantiTect SYBR Green PCR Master Mix (Qiagen) containing 200 nM forward primer 5’
GGAGAGCGACTCAGGGACAA and 200 nM reverse primer 5
ATCCTTGAGAAATATCCTCTATAGCTCTTC,; the real-time PCR program was changed to:
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denaturation at 95°C for 15 min followed by 40 cycles of 15 sec at 94°C, 30 sec at 60°C and
30 sec at 72°C. Expression was normalized to two housekeeping genes -2 microglobulin
(B2M) and ubiquitin C (UBC) using 200 nM of 5-GCTATCCAGCGTACTCCAAAGATTC and
5-CAACTTCAATGTCGGATGGATGA for p2M or 5-ATTTGGGTCGCGGTTCTTG and 5'-
TGCCTTGACATTCTCGATGGT for UBC, respectively, and SYBR Green PCR Master Mix
(Applied Biosystems) according to the manufacturer's instructions. Relative mMRNA

expression was calculated by means of the AACt-method.

Generation of Sprouty2-EGFP, Sprouty2-Y55A-EGFP and Spred1-EGFP constructs

To generate a Sprouty2-EGFP fusion construct, Sprouty2 was cut from pSprouty2-RFP (kind
gift from Dr. Tarun Patel, Loyola University of Chicago, IL) using Xhol and Kpnl as restriction
enzymes, and ligated into the pEGFP-N1 vector (Invitrogen). The Sprouty2 mutant Y55A was
amplified from a plasmid provided by Dr. Akihiko Yoshimura (Kyushu University, Japan)
using 5-TATATACTCGAGATGGAGGCCAGAGCTCAG and 5'-
ATATATGGTACCGTTGGTTTTTCAAAGTTC as primers. Sprouty2-Y55A was inserted into
pEGFP-N1 using Xhol and Kpnl as restriction enzymes. The mutation of tyrosine residue 55
to alanine was confirmed by sequencing. Spred1l was amplified from cDNA of total RNA of
PBMCs wusing 5- ATATGAATTCGCCACCATGAGCGAGGAGACGGCGA and 5'-
TATAGGATCCCCAGCAGCTTTATGTTTCCCAC as primers, and EcoRl and BamHI as

restriction enzymes for insertion to pEGFP-N1.

Transfection of MoDCs and cell lines

Mature MoDCs were harvested and transfected using Human Dendritic Cell Nucleofector Kit
(Amaxa biosystems, Cologne, Germany). Therefore, 2x10° MoDCs were resuspended in 100
ul nucleofector solution according to the manufacture’s protocol. Usually, 10-30 ug of highly
pure expression vector was added and cells were transferred into a nucleofector cuvette.
MoDCs were transfected using nucleofector program U-002, and subsequently cultured in
RPMI 1640 medium (Lonza, Verviers, Belgium) containing 10% FCS (Linaris, Wertheim-
Bettingen, Germany). Transfection efficiency was analyzed the next day by flow cytometry
(LSRIIl, BD Biosciences, Erembodegen, Belgium) using cells, which were nucleofected
without plasmid, as negative control. Dead cells were stained with ToPro3 (Molecular
Probes, Eugene, OR) or SytoxBlue (Molecular Probes). Raji cells and CEM cells were
transfected using Amaxa nucleofector technology according to the manufacturer’s
instructions. Raji cells were sorted into GFP-negative and GFP-positive cells using the FACS

Vantage SE (BD Biosciences).
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Cell migration assay

Chemotaxis was analyzed using 24-well Transwell™ plates (Corning Costar, NY). 600 pl
medium containing chemokine were placed in the lower well, while 1x10° cells were placed
on a polycarbonate filter with a pore size of 5 um in the upper well. Cell were allowed to
migrate into the lower well for three hours at 37°C/5% CO, and migrated cells were counted
by flow cytometry using BD LSRII (BD). Specific migration was calculated by subtraction of
spontaneously migrated cells towards medium alone without chemokine and is presented as
percentage of the number of input cells. Optimal chemokine concentrations were tested for
Raji and CEM cells. Raji cells migrated best towards 500 ng/ml CCL21, while for CEM cells 1
ug/ml CCL21 or 1 pg/ml CXCL12 were used. MoDCs migrated towards 250 ng/ml CCL21 or
250 ng/ml CXCL12.

Western blotting and activation of ERK- and p130Cas

Protein expression of Sprouty2 was analyzed by Western blotting using an anti-Sprouty2
specific antibody (kind gift of Prof. Gerhard Christofori, University of Basel, Switzerland). To
ensure equal protein loading, the blot was re-probed with anti-3-actin antibody (Abcam,
Cambridge, UK).

For analysis of chemokine-induced activation of ERK or p130Cas, 1x10° MoDC or 8x10° Raji
cells were stimulated with either 1 ug/ml CCL19 or CCL21 (Promocell), or 1 ug/ml CXCL12
(Promocell) at 37°C for indicated length of time. Cells were lysed in lysate buffer (1% NP-40,
50 mM Tris, 0.25% sodiumdesoxycholate, 150 mM NaCl, 1 mM NaF, 1 mM EGTA, 1 mM
NaszVO,) and protease inhibitor (Roche) for 15 min and subsequently centrifuged for 10 min
at 14000 x g. The supernatant was analyzed by Western blotting using a specific anti-human
phospho-ERK1/2 antibody (Santa Cruz). Total expression of ERK2 was monitored by re-
probing blots with an anti-human ERK2 antibody (Cell Signaling). Phosphorylation of
p1l30Cas was determined using a specific anti-human phospho-p130Cas antibody (pY?249,
BD Pharmingen) and total p130Cas expression was visualized using an anti-human
p130Cas antibody (BD).
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Role of prostaglandin E; (PGE3)-induced regulator of G protein
signaling 9 (RGS9) in chemokine-mediated functions of

dendritic cells

Abstract

During the process of maturation induced by the up-take of antigen dendritic cells (DCs)
develop the ability to migrate to the draining lymph node, where they elicit an antigen-specific
immune response. Prostaglandin E, (PGE;) has been shown to be the crucial factor during
maturation of DCs for the induction of a migratory phenotype. Although PGE, is well
established as the mandatory factor for chemotactic responses, the mechanism by which
PGE; facilitates this effect is still unclear. By comparison of global gene expression profiles of
human monocyte-derived DCs (MoDCs) matured in the absence or presence of PGE, we
identified a member of the regulator of G protein signaling (RGS) family, namely RGS9, to be
strongly induced by PGE; early during maturation of MoDCs. Both splice variants of RGS9
that were described so far in humans were expressed in MoDCs matured in the presence of
PGE,. To analyze the role of PGE,-induced RGS9 in migratory responses of MoDCs, we
generated different RGS9 constructs and over-expressed those in mature MoDCs. In
addition, we analyzed the impact of RGS9 on migratory properties of DCs in vivo using
RGS9-deficient (RGS9™) mice. Surprisingly, DCs of RGS9™ mice showed a strong migratory
defect in an in vivo migration assay when compared to wild type mice. Consequently, RGS9™
mice showed an impaired induction of functional antigen-specific cytotoxic T cell responses.
We demonstrate here for the first time the expression of RGS9 in human DCs and a severe

defect in DC migration in RGS9"" mice in vivo.
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Introduction

Chemokines and a complex network of modulators of chemokine receptor signaling control
the migration of leukocytes into and out of inflammatory sites as well as the migration of
developing lymphocytes and thus the organization of secondary immune anatomic structures
(Springer 1994, Kunkel 2002, Rot 2004). Disturbed chemokine receptor signaling resulting in
inappropriate migration, activation or survival of lymphocytes can lead to immunologic
disorders (Balabanian 2005, Norman 2005).

Chemokine receptors belong to a large family of seven-transmembrane receptors that are
coupled to heterotrimeric Gally proteins (Marinissen 2001). Binding of the chemokine to its
respective receptor catalyzes the exchange of guanosine 5-diphosphate (GDP) by
guanosine 5'-triphosphate (GTP) on the Ga subunit, which leads to the dissociation of Ga
and the GRy complex (reviewed in Jung 1999, Hepler 1992, Neer 1995). Subsequently, both,
GTP-bound Ga and GRy, activate multiple downstream signaling cascades, while GRy-
induced signaling is essential for directional migration (Arai 1997, Neptune 1999). The
duration that Goa remains bound to GTP controls the duration of signaling. Go proteins
possess an intrinsic guanosine triphosphatase (GTPase) activity that leads to hydrolysis of
GTP and reassembly of the heterotrimeric G protein complex. Therefore, termination of a G
protein coupled receptor (GPCR)-mediated signaling event is dependent on the GTPase
activity of the Ga subunit. However, GTP hydrolysis by purified Ga. proteins is to slow to
account for deactivation rates of G protein-controlled processes like phototransduction
(Arshavsky 1998) or ion channel regulation (Kurashi 1995).

The inactivation of Ga subunits can be modulated by a family of proteins that accelerate the
GTPase activity of Go,, which iare termed regulators of G protein signaling (RGS) (Watson
1996a, Kehrl 1998, Siderovski 1999, Berman 1998, De Vries 2000, Ross 2000, Dohiman
1997). RGS proteins carry a conserved RGS domain of around 120 amino acids that serves
as a GTPase activating protein (GAP) for Ga, thus controlling the response kinetics of
various signalling processes (Koelle 1996, Hollinger 2002). By acceleration of transduction
kinetics of receptor signals, RGS proteins enable cells to sense rapidly changing
concentrations of signaling molecules. At least 20 RGS family members exist in humans,
even more if proteins containing domains with weak homology to the RGS domain are taken
into account (Kehrl 2006). Besides the RGS domain, which is sufficient for the GTPase
stimulating action, many RGS proteins contain additional protein-binding domains, which
mediate interactions with proteins other than Ga subunits, linking them to other signaling
pathways (De Vries 1999, Zheng 1999). In eukaryotes, RGS proteins have been described to
accelerate termination of G protein signaling in a variety of signaling pathways including

pheromone signaling and transduction of photoresponse and olfactory response (Dohlman
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1996, Chen 2000, Bruch 1996, Sinnarajah 2001). Moreover, RGS proteins have been
implicated in the regulation of lymphocyte migration. For example, the over-expression of
RGS1, RGS3, and RGS4 in B cell lines dramatically inhibits chemokine-mediated migration
(Bowman 1998, Moratz 2000, Reif 2000). In vivo, transgenic T lymphocytes expressing
RGS16 show reduced migration in response to CXCR4, CCR3, and CCR5 ligands, while
CCR2- and CCR7-mediated migration is not impaired, suggesting chemokine receptor
specificity of RGS protein actions (Lippert 2003). Along this line, the unresponsiveness of
CD4" germinal center T cells to CXCL12 has been attributed to their expression of RGS13
and RGS16, which did not affect CXCR5-mediated migration (Estes 2004). Furthermore, the
limited ability of regulatory T cells to migrate towards CCR7 ligands has been correlated with
high expression of RGS1, RGS9 and RGS16 (Gavin 2002, Agenes 2005).

The modulation of migratory responses and sensitivity to selective chemoattractive signals
can be controlled by RGS proteins implying them in the induction and regulation of immune
responses. In recent years, the generation and analysis of several mutant mice deficient in
one member of the RGS protein family revealed new insights into RGS protein functions.
While targeted deletion of RGS14 resulted in early embryonic lethality due to a general role
of RGS14 in mitosis (Martin-McCaffrey 2004), mice deficient for RGS4 in contrast developed
without obvious defects (Grillet 2005), arguing for distinct roles of different members of the
RGS protein family. T cells from RGS2 deficient mice showed a defect in proliferation and IL-
2 production resulting in impaired antiviral immunity, but chemokine receptor signaling was
not affected (Oliviera-dos-Santos 2000). Targeted deletion of RGS1, in contrast, results in
disturbed chemokine receptor signaling (Moratz 2004a, Han 2005). B and T lymphocytes
from RGS1 deficient mice exhibit augmented chemokine receptor signaling, leading to an
enhanced migratory potential of B cells (Moratz 2004a, Kehrl 2006).

RGS proteins can be further classified into subfamilies dependent on their distinguished
structural features. The R7 subfamily consists of four members unified by their N-terminal
expression of a Gy-like domain (GGL) and a dishevelled/EGL-10/pleckstrin domain (DEP)
(Xie 2007). The best investigated R7 member is RGS9 that exists in two alternatively spliced
forms, termed RGS9-1 and RGS9-2, which differ in their C-terminal tail (Granneman 1998,
Rahman 1999, Zhang 1999). RGS9-1 and RGS9-2 were described to be selectively
expressed in retina or neural tissues, respectively. In retina RGS9-1 is abundantly expressed
and functions as GAP for transducin, the Go subunit specific for phototransduction,
implicating a key role in the recovery phase of visual transduction (He 1998, Cowan 1998,
Wensel 2002). The physiological function of RGS9-1 has been extensively studied in RGS9-
deficient mice, which show extremely slowed photoresponse recovery from light flashes in
rods and cones (Chen 2000, Lyubarsky 2001). Hence, RGS9-1 is essential for normal

inactivation of phototransduction cascades enabling vision with high temporal resolution.
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Less is known about RGS9-2, which is mainly expressed in the striatum (Granneman 1998,
Rahman 1999, Thomas 1998). However, RGS9-2 has been described to negatively regulate
dopamine and opioid receptor signaling (Garzon 2001, Rahman 2003, Zachariou 2003,
Traynor 2005) as well as to be involved in motor coordination and working memory (Blundell
2008). No immunologic relevant phenotype has been reported for RGS9-deficient mice
(Kehrl 2006)

Peripheral immature dendritic cells (DCs) are specialized to take up and process antigens in
order to present them after maturation to T and B lymphocytes and thus induce an adaptive
immune response (Banchereau 2000). The process of DC maturation is complex and
involves the establishment of a migratory potential in response to lymph node-derived
chemokines, like CCL21 and CCL19, which bind to the chemokine receptor CCRY. Since
RGS proteins modulate responsiveness to chemokine receptor-mediated signals, expression
of RGS proteins has been analyzed in DCs recently (Shi 2004). Maturation via toll like
receptors (TLR) induced a change in the RGS protein expression profile of monocyte-derived
DCs (MoDCs). While the expression of RGS14 and RGS18 was decreased, expression of
RGS1, RGS16 and RGS20 was enhanced. Single over-expression of RGS1, for example,
inhibited CCL21-induced migration of mature MoDCs (Shi 2004), although RGS1 is up-
regulated in mature MoDCs, which normally have an enhanced potential to migrate in
response to CCRY signals. However, the overall balance of selective RGS proteins could
contribute to the modulation of chemokine receptor responsiveness in mature DCs.

For dendritic cell based cancer immunotherapy, DCs can be generated from monocytes
(MoDCs), loaded with tumor antigen and administered to the patient, where they will migrate
to the draining lymph node and induce an antigen-specific anti-tumor immune response. The
migration of MoDCs from the injection site into secondary lymphoid organs is a crucial step.
We identified early prostaglandin E, (PGE,) as the essential factor during maturation of DCs
to facilitate a migratory phenotype (Scandella 2002, Luft 2002, Legler 2005). To determine
the mechanisms by which PGE, induces migratory potential, we performed a global gene
expression analysis with MoDCs mature in absence and presence of PGE, and compared
gene transcription. Surprisingly, we found RGS9 to be one of the strongest regulated genes
by PGE.. In this study, we describe for the first time the expression of RGS9 mRNA in
human DCs and aimed to determine the impact of RGS9 expression on migration of MoDCs.
Additionally, we analyzed the role of RGS9 expression on migration in vivo using RGS9-

deficient mice.
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Results

PGE; induces RGS9-1 and RGS9-2 expression during maturation of MoDCs

We have described previously the essential role of PGE; during maturation of MoDCs for the
induction of migratory capacities in response to lymph node-derived chemokines (Chapter 2).
To discover the mechanism by which PGE;, promotes the migratory phenotype of MoDCs, we
performed a gene expression profiling in cooperation with Altana Pharma with MoDCs
matured with sCD40L or poly I:C in absence or presence of PGE,. Among the strongest
regulated gene products was the RGS family member RGS9. To corroborate the results we
performed quantitative real-time PCR analysis for detection of RGS9 mRNA in MoDCs
matured in the presence or absence of PGE, while maturation was either induced by the
TLR3 ligand poly I:C or sCD40L. When MoDCs were matured via TLR3 ligation, 1 ug/ml
PGE; induced an average 20-fold increase of RGS9 on mRNA level (data not shown). The
PGEs-induced up-regulation of RGS9 mRNA was five times stronger (100-fold) when
maturation was induced with sCD40L (data not shown). There are two isoforms of human
RGS9 described, termed RGS9-1 and RGS9-2, which are the result of an alternative splicing
process. To determine which splice variant is induced in MoDCs after maturation in the
presence of PGE, we performed quantitative real-time PCR using primer pairs specially
designed for the detection of only one splice variant. Surprisingly, we found both RGS9-1
and RGS9-2 to be induced after 48 h of maturation via CD40 in the presence of PGE,
(Figure 1). To monitor RGS9 mRNA expression during the maturation process, we generated
immature MoDCs and either left them immature or induced maturation using sCD40L in the
absence or presence of PGE,. Cells were harvested after 6 h, 24 h and 48h and mRNA
levels of RGS9-1 and RGS9-2 were quantified relative to the respective expression level in
immature MoDCs of the same donor. Neither splice variant of RGS9 could be detected at
any time-point in MoDCs matured in the absence of PGE,. However, PGE; induced RGS9-1
and RGS9-2 mRNA already after 6 h of maturation (Figure 1). In the case of RGS9-1, mRNA
expression peaked at 24 h of maturation, but was still present at a high level after 48 h.
RGS9-2-mRNA expression increased over time and peaked after 48 h of maturation in the
presence of PGE,. We tried to measure the PGE,-mediated induction of RGS9 on protein
level by Western Blotting. Due to the lack of a RGS9-specific antibody we could not detect
RGS9 on protein level. We tried two commercially available antibodies with the same poor
results. Both antibody detected unspecific background as tested by over-expression of RGS9
in CEM cells, where the antibodies detected the same pattern of proteins in transfected and
non-transfected cells. Moreover, RGS9 could not be detected on protein level in brain lysates
of C57BI/6 mice with both antibodies.
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Effect of RGS9 over-expression in CEM cells

Since we found the PGE,-induced expression of RGS9 in MoDCs that display a strong
migratory phenotype, we investigated the effect of RGS9 expression on migration in CEM
cells. CEM cells are human T lymphoblasts which are able to migrate towards CCR7 or
CXCR4 ligands. For genetic manipulation of CEM cells a transfection strategy was
established using Amaxa nucleofector technology. The RGS9-carrying vector
pcDNA(+)RGSIL was introduced into CEM cells and after 24 h cells were analyzed for their
migratory capacity towards CCL21 or CXCL12. Since RGS9 was untagged it was impossible
to distinguish between transfected and untransfected cells. Therefore, migratory capacity of
the whole population was measured. Transfection of untagged RGS9 into CEM cells had no
significant effect on their migration towards CCL21 (Figure 2A), while migration towards
CXCL12 was significantly reduced (Figure 2B). In order to analyze only migration of cells that
are transfected, we cloned RGS9 into the pIRES2-EGFP vector, which allows additional
transcription of EGFP without generating a RGS9-EGFP fusion protein. Transfection
efficiency was high using pIRES2RGS9-EGFP (Figure 2C), while the introduction of the
control vector without RGS9, pIRES2-EGFP, was less successful but sufficient (Figure 2C).
Co-expression of EGFP together with RGS9 allowed us to monitor the migratory behaviour of
only those cells over-expressing RGS9. Expression of RGS9 in CEM cells had no effect on
CCL21-mediated migration (Figure 2D). Migration towards CXCL12 was slightly but not
significantly reduced (Figure 2E).
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Figure 2. Effects of RGS9 over-expression on
2 x chemokine-mediated migration of CEM cells.
20 CEM cells were transfected with two different
vectors carrying RGS9 using Amaxa
nucleofection technology. One day after
10- transfection cells were analyzed for chemotactic
behaviour in response to CCL21 (A, D), or
CXCL12 (B, E). (A, B) CEM cells were
o transfected with pcDNA3.1(+)RGS9L or no
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c whole living population was analyzed excluding
PIRES2-EGPF PIRES2RGS9-EGPF dead cells by staining with ToPro3 or SytoxBlue.
2n _ sx® Mean values and SEM of five (A) or three (B)
independent  experiments are presented.
Statistical significance was calculated using
paired t-test with p<0.05 for *.
Over-expression of RGS9 was introduced in
CEM cells using pIRES2RGS9-EGFP (C, D, E).
Transfection efficiency was analyzed one day
after transfection using flow cytometry. The result
of one representative experiment is shown (C).
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Effects of RGS9 on migration of MoDCs

Since PGE; induces RGS9 expression in mature MoDCs, we analyzed the effect of RGS9
over-expression in MoDCs. If PGE,-induced RGS9 expression is a mechanism by which
PGE, facilitates the enhanced migratory capacity of MoDCs, over-expression of RGS9
should enhance migration in MoDCs that were matured in the absence of PGE,. Therefore,
MoDCs were generated and matured using sCD40L in the absence or presence of PGE,.
After two days of maturation MoDCs were transfected with pcDNA3.1(+)RGS9L using Amaxa
nucleofector technology. Transfection of MoDCs was established and functionality of cells
was analyzed as previously described (Chapter 3, Figure 4). Chemotactic properties of
transfected MoDCs were analyzed one day after transfection. Transfection efficiency was
controlled by transfection of pEGFP-N1 and analysis of GFP expression by flow cytometry.
Over-expression of untagged RGS9 in sCD40L-matured MoDCs did not augment but rather
inhibited migration towards CCL21 (Figure 3A). Additionally, CXCR4-mediated migration was
inhibited in MoDCs matured in the absence of PGE; (Figure 3B). Transfection o RGS9 into
PGEs;-matured MoDCs revealed the same inhibition of CCR7- and CXCR4-mediated
migration (Figure 3). The inhibitory effect of RGS9 over-expression on CXCR4-mediated
migration was not quite significant when calculated using student’s paired t-test due to limited
repetition and donor to donor variation.
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Figure 3. Effect of RGS9 over-expression on chemotactic responses of MoDCs. MoDCs were generated
and matured using sCD40L in the absence or presence of PGE,. Mature MoDCs were transfected with
pcDAN3.1(+)RGSIL or no plasmid using Amaxa nucleofection technology. Migration was monitored in response
to CCL21 (A) and CXCL12 (B) in Transwell chemotaxis assays, while dead cells were excluded from analysis by
staining with ToPro3 or SytoxBlue. Mean values from eight (A) or four (B) independent experiment with different
donors are shown. Asterisks indicate statistical significance calculated by student’s paired t-test with p<0.05 for *,
p<0.005 for ** and p<0.0001 for ***.

The over-expression of other members of the RGS family (RGS18, RGS1) has been shown
to have similar effects on MoDCs migration (Shi 2004). The inhibition of migration was in this
case correlated with the suppressed phosphorylation of ERK after stimulation with CCL19
and CXCL12. (Shi 2004) To determine the influence of RGS9 over-expression on ERK
activation we stimulated mature MoDCs with CCL21 or CXCL12 and analyzed
phosphorylation of ERK by Western Blotting. In MoDCs transfected with pEGFP-N1
stimulation with both CCL21 or CXCL12 induced phosphorylation of ERK. While RGS9
expression seems not to have an effect on ERK phosphorylation when MoDCs were
stimulated with CCL21, stimulation with CXCL12 led to a reduced phosphorylation of ERK in
MoDCs transfected with RGS9 (Figure 4). The inhibition of ERK phosphorylation was
detected after RGS9 transfection in mature MoDCs that were matured in the absence of

PGE; as well in those matured in the presence of PGE..
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Figure 4. Role of RGS9 over-expression in chemokine-induced ERK activation of mature MoDCs. MoDCs
were matured by ligation of CD40 in the absence or presence of PGE2 and transfected with pEGFP-N1 or
pcDNA3.1(+)RGSIOL using Amaxa nucleofection technology. One day after transfection MoDCs were harvested
and stimulated for two minutes with CCL19 or CXCL12. Subsequently, cells were lysed and phosphorylation
status of ERK1/2 was analyzed by Western blotting using an anti-human phospho-ERK1/2-specific antibody
(upper panel). To monitor protein loading and content of total ERK, blots were re-probed with anti-human ERK2-
specific antibody (lower panel)
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Since the RGS9 construct used for all previously described experiments was untagged, we
cloned RGS9 into the pIRES2-EGFP vector, which allows analysis of only RGS9-carrying
cells by additional expression of EGFP. MoDCs were matured with sCD40L in the absence
or presence of PGE, and transfected with pIRES2RGS9-EGFP or plIRES2-EGFP as a
control. Transfection efficiency yielded around 40 percent (Figure 5A). When only positively
transfected cells were analyzed for their chemotactic properties RGS9 over-expression did
not inhibit migration, neither towards CCL21 (Figure 5B) nor towards CXCL12 (Figure 5C).
Hence, by over-expressing RGS9 using the pIRES2-EGFP vector and thereby limiting
migration analysis to transfected cells we could not reproduce the inhibitory effect of RGS9
on migration of MoDCs.
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Figure 5. Effects of pIRES2RGS9-EGFP expression on MoDC chemotaxis. MoDCs were matured with
sCD40L in the absence (white bars) or presence of PGE; (black bars), and transfected either without plasmid,
with pIRES2-EGFP or pIRES2RGS9-EGFP. One day after transfection, expression of EGFP was monitored by
flow cytometry (A) while dead cells were excluded from analysis by staining with ToPro3 or SytoxBlue.

Chemotaxis of transfected cells was analyzed toward CCL21 (B), or CXCL12 (C). Only alive EGFP-expressing
cells were taken into account.

Effects of RGS9 deficiency in vivo

To study the contribution of RGS9 in chemotactic processes, we analyzed migration of
dendritic cells in vivo using RGS9 deficient mice (RGS9™). RGS9™” mice were a kind gift from
Prof. J. Schwarz (University Leipzig) and were verified to be RGS9-deficient by amplification
of the MC1 neopA cassette disrupting the rgs9 gene (Chen 2000) (Figure 6A). Additionally,
RGS9 mRNA expression was analyzed in brains of wild-type and RGS9”" mice, since RGS9
has been described to be highly expressed in brain (Rahman 1999). Therefore, RNA was
extracted from total brain lysates, transcribed into cDNA, and RGS9 was amplified by PCR.
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As expected, RGS9 could only be amplified in wild-type mice while RGS9” mice did not
express RGS9 transcripts (Figure 6B).

A RGS9+ wi
1 2 1 2 NIC Figure 6. Analysis of RGS9-deficiency in RGS9”
mice. (A) Tail biopsies were taken from two wild type
C57BI/6 mice (wt) and two RGS9” mice and analyzed
by PCR for the disruption of the RGS9 gene by
insertion of the neomycin resistance cassette.

B wt RGSO* (B) RNA was extracted from brain of two wild type and
NTC 1 2 1 2 two RGS9” mice and analyzed for RGS9 mRNA
I expression by real-time PCR. Samples were loaded
w m RGS9 onto a 1% agarose gel to monitor amplification of a

300 bp fragment of RGS9. (NTC= no template control)

RGS9 has been described to be mainly expressed in retina and brain, but low expression of
mRNA has also been reported in mouse lymph nodes and spleen (Moratz 2004b Methods
Enzymol 389) as well as in human lymphocytes (Larminie 2004). We analyzed RGS9
expression in T cells and DCs isolated from spleens of C57BI/6 mice and used RGS9
expression in brain as positive control. Interestingly, we found RGS9 to be expressed in T

cells and DCs. RGS9 could therefore play a role in the regulation of leukocyte functions.

Figure 7. Expression of RGS9 in mouse leukocytes. T cells and DCs
were isolated from spleen of wild type C57BI/6 and RGS9” mice. RNA
was isolated and transcribed into cDNA. RGS9 was amplified and
visualized as a 300 bp fragment on a 1% agarose gel. Expression of
RGS9 in brain was used as a positive control. To exclude amplification
of residual genomic DNA, RNA without reverse transcriptase from the
same preparation was used as template (-RT). (NTC= no template
control)
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To monitor migration of DCs and the impact of RGS9-deficiency in vivo we performed skin
painting experiments using RGS9” mice and age- and sex-matched wild-type mice
(C57BI/6). In this in vivo migration experiment, FITC is applied to the skin and is taken up by
peripheral DCs which in response migrate to the draining lymph node. One day after FITC
was applied to the shaved abdomen, mice were sacrificed and the proportion of FITC-
positive CD11c* DCs was analyzed in inguinal lymph nodes. Whereas in wild-type mice an
average of 16.5% of living, CD11c* DCs were also FITC*, only 2.7% were FITC* in RGS9™"
mice (Figure 8). Since less peripheral DCs were able to migrate to the draining lymph node
in RGS9-defincient mice after one day of stimulation, we addressed the question whether
this defect inhibited the induction of an antigen-specific immune response in RGS9” mice.
To answer this question, we subcutaneously injected PLGA microspheres carrying OVA and
CpG into RGS9™ and matched wild-type control mice. After six days, mice were sacrificed
and spleens were removed. Spleen cell suspensions were re-stimulated with OVA-peptide

(SIINFEKL) for five hours and IFN-y production of OVA-specific CD8" T cells was measured
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by flow cytometry. In line with our finding that RGS9” DCs are inhibited in leaving the
periphery, RGS9-deficient mice produced less antigen-specific IFN-y secreting CD8" T cells
in response to OVA (Figure 9). Our data suggest that, due to a migratory defect of DCs,

RGS9™ mice are limited in the induction of an antigen-specific immune response.

. *kk Figure 8. DCs of RGS9” mice display a
w sty — migratory defect in vivo. FITC was applied
to the shaved abdomen of wild type C57BI/6
mice or RGS9” mice. One day later, inguinal
lymph nodes were removed, and the number
of FITC-positive CD11c+ DCs was quantified
by flow cytometry. Results from one
representative experiment are shown in dot
plots (left). Means and SEM of two
independent experiment with a total of nine
(wt) and eleven (RGS9”) mice are shown.
Statistical significance was calculated using
student’s unpaired t-test with p<0.0001 for ***.
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Discussion

We have previously reported that PGE; is the key factor during the maturation of human
MoDCs for the establishment of a migratory phenotype (Chapter 2, Scandella 2002). By
gene expression analysis of MoDCs that were matured in the absence or presence of PGE,
we found RGS9 to be induced by PGE,, as well as other RGS proteins, which were regulated
by PGE,. Human MoDCs have been reported to express a distinguished RGS protein profile
depending on their differentiation status. While immature MoDCs constitutively expressed
RGS2, RGS10, RGS14, RGS18 and RGS19, maturation via TLR signaling markedly induced
RGS1, RGS16 and RGS20, and down-regulated RGS14 and RGS18 (Shi 2004).
Interestingly, the described changes in RGS expression are not specific events following TLR
signaling. Maturation through ligation of CD40 induced RGS1 and RGS16 mRNA expression,
whereas RGS14 and RGS18 were down-regulated (data not shown), suggesting that

alteration in the RGS expression profile is a general feature of DC maturation. However,
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under serum-free conditions we found that a long-lasting maturation-induced down-regulation
of RGS14 and RGS18 mRNA is dependent on the presence of PGE, (data not shown).
Moreover, the induction of RGS1 expression during maturation is strongly and significantly
enhanced in the presence of PGE; (data not shown). Contra-intuitively, MoDCs matured in
the presence of PGE, show a dramatically augmented potential to migrate towards CCR7
and CXCR4 ligands, although concurrent RGS1 expression is induced, which has been
shown to inhibit CCR7- and CXCR4-mediated migration (Shi 2004, Moratz 2000). Like
RGS1, RGS16 has been described as a negative regulator of chemokine-induced migration
(Lippert 2003, Berthebaud 2005). We found RGS16 mRNA expression induced six hours
after stimulation with sCD40L, but the addition of PGE, counteracted this induction (data not
shown). The negative impact of PGE, on RGS16 expression only played a role at very early
stages of maturation, since at later time points RGS16 expression returned to the same level
as observed in immature MoDCs. For that reason it is not possible that the PGE,-dependent
down-modulation of RGS16 expression antagonizes the PGE,-mediated enhanced RGS1
expression. However, PGE; also strongly inhibited expression of RGS14 and RGS18, which
negatively regulates MoDCs migration towards CCL21 and CXCL12 (Shi 2004), and could
thereby circumvent the consequence of augmented RGS1 expression.

Most RGS proteins have been shown to bind and regulated several members of the Gi
subfamily of Ga proteins with minimal discrimination between them. Some RGS proteins are
not even selective for different G protein subfamilies showing GAP activity toward members
of the Gq subfamily as well (Natochin 1998, De Vries 2000). This lack of specificity, however,
has been mainly studied in in vitro GAP assays. In a cellular environment, higher specificity
between particular RGS proteins and G proteins was suggested, since lipid modifications
and expression of interaction domains can control the spatial distribution of RGS proteins
and thereby target them to certain subcellular locations (De Vries 1996, Martemyanov 2003).
The regulation of the localization and membrane interaction of RGS proteins seems to be
vitally important for their specificity and activities in controlling G protein signaling pathways.
Anchoring proteins have been described to target RGS proteins to the plasma membrane
(Hu 2002, Lishko, Drenan 2005). We found MIR16, the membrane interacting protein of
RGS16 (Zheng 2000), to be down-regulated by PGE; in a global gene expression profiling
comparing MoDCs matured in the absence or presence of PGE,. MIR16 also shows weak
interactions with other RGS proteins via their RGS domain. Since MIR16 is an integral
membrane protein localizing to intracellular membranes as well as to the plasma membrane,
it has been suggested to act as an anchoring protein for RGS proteins (Zheng 2000). The
balance between specific RGS protein expression and the availability of RGS interacting
proteins could play a role in the modulation of chemokine receptor responsiveness in

MoDCs. Receptors themselves may contribute to selective RGS protein interactions with G
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proteins, as GPCRs alone or in cooperation with their linked G protein can selectively recruit
specific RGS proteins to the plasma membrane, thereby controlling their signaling functions
(Roy 2003). Several RGS proteins have been described to regulate signaling of one
chemokine receptor but not that of another in vitro and in vivo. For example, RGS16 inhibits
CXCR4-mediated migration, but does not affect migration towards CXCL13, CCL21 and
CCL7 (Estes 2004, Lippert 2003, Berthebaud 2005). Therefore, the specific expression
pattern of chemokine receptors as well as RGS proteins could determine signaling
modulation. In DCs, the maturation-induced alteration of chemokine receptor expression on
the surface and importantly of the intracellular RGS protein profile may contribute to the
establishment of the unique migratory properties of mature DCs. PGE, seems to play a role
in regulating the expression of a specific RGS protein pattern that might contribute to the
PGE,-promoted enhanced migratory capacity of MoDCs.

We found RGS9 to be induced by PGE, during maturation of MoDCs. RGS9 exists in two
splice variants, RGS9-1 and RGS9-2, which are reported to be selectively expressed in
retina and striatal brain regions, respectively (Zhang 1999, Rahman 1999). However, RGS
mRNA profiling in human tissues revealed moderate expression of RGS9 mRNA in
lymphocytes (Larminie 2004). Moreover, RGS9 expression has been reported in regulatory T
cells (Tregs). The limited migratory capacity of Tregs towards CCR7 ligands has been
correlated with enhanced expression of RGS1, RGS16, and RGS9. Unfortunately, RGS9
was not further specified as to which splice variant was expressed, and RGS9 expression
was not analyzed on protein level (Agenes 2005).

In MoDCs we show the PGE,-dependent induction of RGS9 mRNA during maturation
independently of the maturation pathway (Figure 1 and data not shown). Due to the lack of a
RGS9-specific antibody we could not detect RGS9 on protein level. To determine the impact
of RGS9 expression on migration of mature MoDCs we over-expressed RGS9. Although
over-expression of untagged RGS9 seemed to inhibit CCR7- and CXCR4-mediated
migration of CEM cells (Figure 2A, B) and MoDCs (Figure 3), co-expression of EGFP that
allowed to limit analysis of migration to only transfected cells revealed no effect of RGS9
expression on migration (Figure 2D, E; Figure 5). These data are inconclusive, since over-
expression of RGS9 protein itself could not be controlled.

Besides RGS6, RGS7 and RGS11, RGS9 belongs to the R7 subfamily of RGS proteins,
which are generally reported to be poorly expressed in lymphoid cells and tissues (Kehrl
2006). All members of the R7 subfamily contain a Gy-like (GGL) domain between N-terminus
and RGS domain (Xie 2007), which allows them to associate with an atypical G protein 3
subunit (Snow 1998, Makino 1999, Sow 1999, Levay 1999). The family of G protein R
subunits consists of 5 members. Whereas GR31-4 are highly homologous with 80-90%

sequence identity, GR5 is different in structure and cellular localization sharing only 50%
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sequence identity with GR1-4 (Watson 1996b, Watson 1994). GR5 is alternatively spliced
and can exist in a long form, GR5-L, which is exclusively found in the outer segment of retinal
photoreceptors (Watson 1996b, Zhang 2000), and a short form, GR5-S, which is expressed
in brain and the inner retina (Watson 1994). Importantly, RGS proteins of the R7 family form
complexes with GR5 over their GGL domain but do not interact with Gl31-4, indicating a
selective role for GR5 binding for R7 functionality (Snow 1998, Levay 1999). Besides
association with GGL domain-containing RGS proteins, G35 can bind to certain G protein y
subunits like Gy2 (Watson 1994, Jones 1999).

The interaction between GR5 and the GGL domain is essential for the stability of both the
GR5 and the RGS protein (Chen 2003). Retinas of RGS9-deficient mice do not express GR5-
L protein, although mRNA encoding GR5 is abundantly present (Chen 2000). Conversely,
GR5-deficiency results in very low levels or absence of RGS proteins of the R7 subfamily
from retina, despite mMRNA expression (Chen 2003). In normal retina, RGS9-1 accelerates
the GTPase activity of transducin, the Ga subunit of phototransduction, while RGS9-1 is
associated with GR5 (Arshavsky 2002, Cowan 2000). Consequently, photoreceptors lacking
RGS9 or GR5 show abnormally slow recovery rates of light responses (Chen 2000, Krispel
2003). Most importantly, it has been reported that elevation of RGS9-1 mRNA by transgenic
expression did not increase RGS9-1 protein in retina, indicating that the amount of RGS9-1
protein in not controlled by the level of its transcript but rather by the availability of GR5,
which limits RGS9-1 protein expression (Chen 2003). Therefore, it has been concluded, that
RGS9 needs to associate with G35 in order to maintain its stability and perform its functions
(Makino 1999, Witherow 2000, Kovoor 2000, Chen 2003).

To our knowledge GR5 is not expressed in immune cells (Zhang 2000). Therefore, it is
possible, that PGE,-induced RGS9-1 mRNA expression in mature MoDCs does not translate
to RGS9 protein expression. Furthermore, introduction of plasmids carrying RGS9 need not
necessarily lead to RGS9 protein over-expression due to the lack of concurrent GR5
expression. Since we were unable to monitor RGS9 protein expression, it can not be
excluded, that RGS9-1 mRNA is not translated to protein in human DCs. However, gene
expression profiling of human tissues, revealed abundant expression of GR5 in CD19" B cells
(www.symatlas.gnf.org, Kehrl 2006), although GGL domain expressing RGS proteins are
absent (Kehrl 2006). The expression of G5 in B cells seems to be specific for humans, as
mouse B cells do not express GRR5 (www.symatlas.gnf.org). Although we are not aware of a
report showing GR5 protein expression in B cells so far, it would be astonishing to find such
high GR5 mRNA expression without functional translation to protein. Thus, a potential
mechanism could exist, which stabilizes GR5 protein in leukocytes. Analysis of GR5

expression in human MoDCs still has to be performed. All in vitro data obtained in this study
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concerning RGS9-1, however, should be considered carefully due to the lack of protein
expression data.

In photoreceptors, the RGS9-1:GR5 complex is additionally tightly associated with the
transmembrane RGS9 anchor protein (R9AP). By binding to the N-terminal domain of RGS9-
1, R9AP mediates the anchoring of RGS9-1 to the disc membranes of the outer segment of
photoreceptors (Hu 2002). R9AP mRNA has been described to be exclusively expressed in
retina, whereas the protein only exists in photoreceptors (Hu 2002, Keresztes 2003). The
stability of RGS9-1:GR5 is determined by R9AP in photoreceptors, and consequently R9AP
dramatically augments the functionality of RGS9-1:GR5 (Lishko 2002, Hu 2003,
Martemyanov 2003). ROAP has therefore been suggested to be an essential component of
the GTPase activating complex for transducin (Keresztes 2003). Importantly, ROAP
coordinates the delivery of the RGS9-1:GR5 complex to the membrane (Martemyanov 2003).
Taken together the knowledge about RGS9-1 and its dependence on specific protein
binding, which are very selectively expressed, it seems questionable if RGS9-1 is expressed
in human MoDCs on protein level and that its PGE,-induced expression plays a role in
regulation of chemokine receptor signaling.

Both RGS9 variants, RGS9-1 and RGS9-2, arise from alternative splicing of the same gene
transcript (Zhang 1999), which is induced by PGE;, during maturation of MoDCs. Although
RGS9-1 mRNA may not be translated to protein, or the protein may be rapidly degraded due
to the lack of interacting proteins, RGS9-2 mRNA could still be made into protein. RGS9-2
has been described so far to be expressed predominantly in brain (Granneman 1998,
Rahman 1999). In the central nervous system, RGS9-2 has been shown, like RGS9-1 in
retina, to associate with to proteins, one of which is again GR5 (Chen 2003, Martemyanov
2005) and the other the syntaxin family protein R7BP (Drenan 2005, Martemyanov 2005).
GR5 and R7BP contribute the folding and stability of RGS9-2 as well as to its targeting to the
membrane (Chen 2003, Song 2006, Anderson 2007). However, in a recent study, RGS9-2
could be expressed, and exerted regulatory functions in HEK293 cells without concurrent
expression of GR5. Additionally, over-expression of GR5 in this system did not affect
regulatory responses of RGS9-2 (Bouhamban 2006). Since RGS9-2 also binds to the
cytoskeleton protein a-actinin-2 (Bouhamban 2006) and might be stable without GRS in
certain environments, it could possibly be expressed in DCs and contribute to the modulation
of chemokine receptor-mediated migration. Again, only analysis of RGS9 expression on
protein level in MoDCs will tell.

In order to determine the impact of RGS9 expression on migration of immune cells in vivo,
we analyzed RGS9-deficient mice. In an in vivo migration assay, in which migration of skin-
resident DC to the draining lymph node was monitored, we found significantly less CD11c”

FITC* DCs in the lymph nodes of RGS9” mice compared to wild-type controls one day after
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application of FITC to the abdomen (Figure 8). Due to the lack of a specific antibody against
RGS9, we could not detect RGS9 protein expression in DCs of wild-type mice, but RGS9
mRNA was indeed produced (Figure 7). Murine DCs could therefore express a form of
RGS9, which plays a role in the regulation of DC cell functions, since the lack of RGS9
resulted in a profound defect. Besides a strong decrease of migrated DCs, we found a
attenuated potential to induce an antigen-specific immune response in RGS9™" mice (Figure
9). The reduced ability of RGS9-deficient mice to mount an antigen-specific CD8" response
could be directly linked to a migratory defect of DCs in these mice, because we used a model
of infection that relies on migration of DCs from the periphery to secondary lymphoid organs.
However, DCs from RGS9" mice have to be further analyzed. It is unclear, if the same
number of DC precursor is produced, immigrate and settle in the periphery in RGS9™
compared to wild-type mice. Moreover, the process of DC maturation has to be compared,
as the lack of RGS9 could influence signaling transduction involved in maturation, without
directly affecting chemokine receptor responsiveness, but nevertheless resulting in a
migratory defect. As we found RGS9 mRNA to be also expressed in T cells, the impact of
RGS9 deficiency should be analyzed additionally on signal transduction and migration of T
cells. The organization of secondary lymphoid organs depends on the migration of
developing lymphocytes into lymphoid tissues. If the chemotactic defect of RGS9™ cells
would also affect lymphocytes of the T and B lineage, the microorganization of secondary
lymphoid organs could be disturbed. Mice deficient in RGS1 show disturbed architectural
organization of secondary lymphoid organs, which affects the outcome of humoral immune
responses (Moratz 2004a). Analysis of lymph nodes using immunohistochemistry will reveal,
if the lymph node organization is disturbed in RGS9” mice. A disturbed organization of
lymphoid tissues could play a role in the observed inhibited induction of antigen-specific IFN-
y producing CD8" T cells in RGS9” mice. We analyzed the content of CD4" and CD8" T cells
in lymph nodes of wild-type and RGS9” mice (data not shown) and found that the proportion
between CD4" and CD8" T cells was shifted towards CD4" T cells in RGS9™” (CD4:CD8 =
1.32 in wt; 2.14 in RGS9™).

Compared to other RGS-deficient mice the observed phenotype of RGS9” was rather
unexpected, as targeted deletion of other RGS proteins resulted in enhanced migration of
lymphocytes. For example, the lack of RGS1 leads to hyperresponsiveness of B cells to
chemokine receptor-mediated signals in vivo. RGS1-deficient B cells showed improved
adherence to high endothelial venules and homing to lymph nodes, while migratory speed
within lymph node follicles was accelerated (Han 2005 Immunity 22(3):343-54). In vitro,
RGS1 and RGS13 mRNA silencing enhances the responsiveness of human B cells to
CXCL12 and CXCL13 (Han 2006).
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Further detailed immunological analysis of RGS9-deficient mice will be necessary to

illuminate the impact of RGS9 in regulatory processes of leukocytes.

Material und Methods

Generation of MoDCs

Peripheral blood mononuclear cells were separated from peripheral blood of healthy donors
by density gradient centrifugation on Ficoll Paque Plus (Amersham Biosciences, Uppsala
Sweden), subsequently monocytes were positively selected using anti-CD14 conjugated
microbeads (Miltenyi Biotec, Bergisch-Gladbach, Germany). Monocytes were cultured at
1x10%/ml in AIM-V (Gibco, Paisley, UK) supplemented with 50 ng/ml GM-CSF (Leukomax®,
Novartis, Basel, Switzerland) and IL-4 (supernatant of an IL-4 producing J558 cell line). After
5-6 days, immature MoDCs were harvested, plated at 1x10° in fresh AIM-V, and maturation
was induced by addition of 0.5 ug/ml trimeric sCD40L (PromoCell, Heidelberg, Germany) or
20 pg/ml poly I:C (Sigma, St Louis, MO). Where indicated, 1 pg/ml PGE, (Minprostin® E2,
Pharmacia, Uppsala, Sweden) was added. Usually, maturation was allowed to occur during
two days. Where indicated, maturation was terminated at earlier time points to analyze
mRNA content.

Transfection

Mature MoDCs were transfected using Amaxa nucleofector technology according to the
manufacturer’s instructions. Briefly, 2x10° mature MoDCs were resuspended in 100 pl
nucleofector solution provided with the Human Dendritic Cell Nucleofector Kit (Amaxa
Biosystems, Cologne, Germany) and mixed with 30 pg plasmid DNA. For MoDCs the
nucleofector program U-002 was used. After transfection procedure, MoDCs were cultured in
RPMI 1640 medium (Lonza, Verviers, Belgium) supplemented with 10% FCS (Linaris,
Wertheim-Bettingen, Germany).

CEM cells were maintained in RPMI 1640 (Lonza, Verviers, Belgium) containing 10% FCS
(Linaris, Wertheim-Bettingen, Germany), Penicilin/Streptomycin (100 1U/ml, Lonza) and 100
uM non-essential amino acid mix (Lonza). For transfection, 2x10° CEM cells were
resuspended in 100 ul Amaxa Nucleofector Solution V, mixed with 30 pug plasmid DNA and
processed according to the manufacturer’'s protocol. Nucleofector program X-001 was used
for CEM cells.

Transfection efficiency was analyzed by flow cytometry one day after transfection. Dead cells
were stained with ToPro3 (Molecular Probes, Eugene OR) or SytoxBlue (Molecular Probes),

and excluded from analysis.
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Quantitative real-time PCR

Total RNA was isolated from human and mouse cells using the RNeasy Mini Kit (Qiagen)
according to the manufacturer's protocol, including an additional digest with DNase |
(Qiagen). cDNA was synthesized from 1 ug total RNA according to the manufacturer’s
instructions using random hexamer primer with the TaqgMan® Reverse Transcription
Reagents (Applied Biosystems). RGS9-1 and RGS9-2 were quantified by real-time PCR
using 5-TGCTCATGAAGAAGGATTCTTATGC and 5-CCTGCGGTCCAGCTTGCT; or 5'-
CCTGTCTTTGCCAGGCTCTCA and &5-TCCTCCGAGTCCATCAAGCA, respectively.
RGS9-1 and RGS9-2 mRNA expression was normalized to two housekeeping genes -2
microglobulin (B2M) and ubiquitin C (UBC) using 5-GCTATCCAGCGTACTCCAAAGATTC
and 5-CAACTTCAATGTCGGATGGATGA for B2M and 5-ATTTGGGTCGCGGTTCTTG and
5-TGCCTTGACATTCTCGATGGT for UBC, respectively. Reactions were performed with
SYBR Green PCR Master Mix (Applied Biosystems) containing 200 nM forward as well as
reverse primers according to the manufacturer's instructions using the Tagman 7700

(Applied Biosystems).

Cloning of RGS9 constructs

A vector containing RGS9L (pcDNA3.1(+)RGS9L) was purchased from Missouri S&T cDNA
Resource Center. RGS9L was excised from pcDNA(+)RGS9L using Nhel and Xhol
restriction sites and inserted into pIRES2-EGFP (Clontech).

ERK activation

For analysis of chemokine-induced ERK activation, 1x10® MoDC were stimulated for two
minutes with either 1 ug/ml CCL19 (Promocell) or 1 ug/ml CXCL12 (Promocell) in 50 ul AIM-
V medium at 37°C. Cells were lysed on ice in lysate buffer (1% NP-40, 50 mM Tris, 0.25%
sodiumdesoxycholate, 150 mM NaCl, 1 mM NaF, 1 mM EGTA, 1 mM NazVO,) and protease
inhibitor (Roche) for 15 min and subsequently centrifuged for 10 min at 14000 x g. The
supernatant was analyzed by Western blotting using a specific anti-human phospho-ERK1/2
antibody (Santa Cruz). Total expression of ERK2 was monitored by re-probing blots with an

anti-human ERK2 antibody (Cell Signaling).

Migration assays

Chemotaxis of MoDCs and CEM cells was determined using Transwell™

plates (Corning
Costar, NY) with a membrane pore sizes of 5 um. Therefore, 1x10° cells were placed in the
upper well and allowed to migrate to the lower well containing medium supplemented with
chemokine for 3 h at 37°C/5%CO,. MoDCs migrated in response to 250 ng/ml CCL21 and

250 ng/ml CXCL12. For CEM cells 1 pg/ml CCL21 or 10 ng/ml CXCL12 was used. The
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number of cells that migrated through the membrane was counted by flow cytometry using
the BD LSRII (BD Biosciences). Specific migration was calculated as percentage of migrated
cells from total input cells after subtraction of spontaneous migration towards medium alone.
In experiments with cells expressing a GFP-tagged construct, analyses of migration was
constricted to GFP-expressing cells; additionally dead cells were excluded from analysis by
positive staining with ToPro3 or SytoxBlue.

Migratory properties of DCs in vivo were determined by skin painting assay. Therefore, 25 pl
FITC (1:1 in dibuthylphtalate:acetone) were applied to the shaved abdomen of female, age-
matched C57BI/6 or RGS9” mice. After one day, inguinal lymph nodes were taken and
disrupted on sterile wire meshes. DCs in cell suspensions of lymph nodes were stained with
PE-conjugated anti-mouse CD11c antibody (BD). FITC*'CD11c" cells were quantified relative

to all CD11c" cells, whereas dead cells were excluded by staining with ToPro3.

Analysis of RGS9 deletion in RGS9”

RGS9-deficient mice were kindly provided by Prof. J. Schwarz (University Leipzig). DNA was
extracted from tail biopsies of C57BI/6 and RGS9" mice using the DNeasy Tissue Kit
(Qiagen) according to the manufacturer’s instructions. Disruption of the rgs9 gene was
determined by PCR using 5-TCGCCGCTCCCGATTCGCAGCGCA as forward primer
binding inside the MC1neopA cassette and 5-GAGAAAAGGATCCAGGAACCTGTAG as
reverse primer binding outside the 1.3-kb short arm (Chen 2000).

To determine expression of RGS9 in mouse brain, T cells and DCs, mRNA was extracted
from respective tissue or cells and transcribed into cDNA. RGS9 was amplified using
TagMan® PCR master Mix (Applied Biosystems) according to the manufacturer’s instructions
with 5-CCCAAGAATCTCATCCTCAAGC and 5-TGGCAGTCCAGCGCGTA as primers.

Antigen-specific immune response in vivo

Wild type C57BI/6 or RGS9” mice were injected subcutaneously with 5 mg of poly(lactic-co-
glycolic acid) (PGLA) microspheres containing ovalbumin and CpG, which were kindly
provided by Dr. E. Schlosser (University of Konstanz). Mice were sacrificed after six days,
and spleen cell suspensions were re-stimulated with 10°M ovalbumin peptide (SIINFEKL) for
five hours in the presence of 10 ug/ml Brefeldin A. CD8" T cells were stained with APC-Cy7-
conjugated anti-mouse CD8 antibody (BD Biosciences) and intracellular IFN-y was stained
using a FITC-labeled anti-IFN-y antibody (kindly provided by Dr. E. Schlosser). IFN-y
production by CD8" cells was analyzed by flow cytometry using the BD LSRII.
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Abstract

The exclusive ability of DCs to stimulate primary and secondary immune responses favours
the use of antigen-loaded human monocyte-derived DCs (MoDCs) in vaccinations against
tumors. Previous studies demonstrated that prostaglandin E, (PGE,) is fundamental during
MoDC maturation to facilitate migration towards lymph node-derived chemokines. A recent
study challenged the use of PGE,, as PGE; induced indoleamine-2,3-dioxygenase (IDO) in
mature MoDCs. In MoDCs compatible for clinical use, we now demonstrate that PGE; is
responsible for IDO induction if matured by sCD40L, LPS, or cytokines. In contrast, IDO
expression in MoDCs matured by TLR3 triggering occurs independently of PGE;.
Surprisingly, despite active IDO protein, MoDCs matured with PGE, display a greater
potential to stimulate naive CD4" and CD8" T cell proliferation, which is not further increased
by IDO inhibition. Moreover, we found elevated levels of tryptophanyl-tRNA-synthetase (TTS)
in T cells cultured with PGE,-matured MoDCs. Our data demonstrate that PGE, induces IDO
in MoDCs, but that T cell stimulating capacities of PGE,-matured MoDCs overcome IDO
activity probably through TTS induction. As PGE; is critical for DC migration and enhances
the capability of MoDCs to induce T cell proliferation, we highly recommend supplementing

DC maturation stimuli with PGE, for use in clinical trials.

71



CHAPTER 5

Introduction

Dendritic cells (DCs) are key regulators of the immune system and have the unique ability to
initiate naive T cell responses. Immature DCs are present in peripheral tissues, where they
are poised to capture antigens from incoming pathogens. Up-take and processing of
antigens in conjunction with stimulation with inflammatory cytokines leads to the maturation
of DCs. One characteristic of this differentiation process is the change of the chemokine
receptor expression profile, resulting in the up-regulation of the chemokine receptor CCR7
(Sallusto 1998, Sozzani 1998). CCRY7 expression renders DCs responsive to the chemokines
CCL19 (ELC, Exodus-3, MIP-313) and CCL21 (SLC, Exodus-2, 6Ckine, TCA-4), which directs
their homing to the T cell zone of draining lymphoid organs (Ohl 2004). There, DCs present
their peptide antigens to naive T cells, thereby inducing an immune response involving
cytotoxic T cells, T helper cells, B cells, as well as NK cells (Banchereau 2000, Mellman
2001).

The exclusive ability to stimulate primary and secondary immune responses prompted the
use of antigen-loaded human monocyte-derived DCs (MoDCs) in vaccinations against
tumors in numerous clinical studies (Schuler 2003, Cerundolo 2004, Banchereau 2005).
However, DC-based immunotherapy as currently applied has not yet proven to be clinically
successful (Schadendorf 2006). Nevertheless, the question is not whether immunotherapies
using DCs work, but how to refine the immunological and clinical parameters of vaccination
with DCs in order to improve the efficacy (Banchereau 2005). One major problem was that
antigen-loaded DCs failed to leave the injection site (Morse 1999a). This drawback was
solved by the discovery that addition of the pro-inflammatory mediator prostaglandin E,
(PGE,) to any classical maturation stimulus of MoDCs facilitates migration towards CCR7
ligands (Scandella 2002, Luft 2002, Scandella 2004, Legler 2006). Indeed, PGE; is a general
and mandatory factor, as human immature and mature MoDCs as well as ex vivo DCs
require PGE, during maturation to migrate in response to chemokines and chemoattractants
(Legler 2006). Interestingly, the PGE, signal facilitating migration can be mediated by either
EP2 or EP4 receptor triggering on human polyl:C matured MoDCs (Legler 2006), but seems
to be restricted to EP4 in mouse Langerhans cells (Kabashima 2003). Furthermore, PGE,
was also shown to enhance DC maturation and their stimulatory capacity to prime naive T
cells and to modulate chemokine and cytokine production of DCs through a yet unknown
mechanism (Scandella 2002, Jonuleit 1997, Rieser 1997, Jefford 2003, Rubio 2005).

A recent study by Braun et al., challenges the use of PGE, for DC maturation describing that
the addition of PGE; to maturation stimuli strongly up-regulated indoleamine 2,3-dioxygenase
in MoDCs (Braun 2005). Indoleamine 2,3-dioxygenase (IDO) is an enzyme that degrades

tryptophan and, expressed by DCs, can suppress T cell proliferation and survival and may
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promote tolerance (Mellor 2004, Grohmann 2003). Interestingly, PGE, was shown to induce
IDO on both mRNA and protein level via EP2 receptor activation, but a second signal
through TNF receptors or Toll-like receptors was crucial for the enzyme activity (Braun
2005). In their hands, induction of IDO strictly depended on PGE,, as DC maturation stimuli
alone did not induce IDO expression (Braun 2005).

As ex vivo generated MoDCs are widely used in clinical trials and a comprehensive study on
IDO expression, cell migration and T cell priming by MoDCs that are generated under
clinically approved conditions is missing, we decided to investigate on recent concerns about
the use of PGE; and its effects on MoDCs under clinically relevant, serum-free conditions.
Thus, we used different stimuli in combination with PGE, and specific PGE, receptor
agonists for MoDC maturation and investigated on IDO expression and activity, cell
migration, and examined the capacity of MoDCs to stimulate T cell proliferation in relation to

IDO expression.

Results

Influence of PGE; on IDO expression in human mature MoDCs

Several protocols exist to generate mature dendritic cells ex vivo. One of which, using TNF-a
together with PGE; as maturation stimuli, was recently shown to induce the expression of
IDO (Braun 2005), an enzyme involved in the degradation of tryptophan and thought to
induce immune tolerance (reviewed by Mellor 2004, Grohmann 2003). In order to test
whether IDO mRNA is expressed on human MoDCs generated under serum-free conditions
compatible for clinical trials, we isolated human monocytes from peripheral blood of healthy
donors by positive selection using CD14 microbeads. Monocytes were differentiated into
immature MoDCs by incubation for 5 to 6 days in serum-free medium containing IL-4 and
GM-CSF. Immature MoDCs were then matured for 2 days with either poly I:C or soluble
trimeric CD40L (sCD40L) in the absence or presence of PGE,, which is essential to generate
a general migratory DC phenotype Legler 2006). IDO mRNA from mature MoDCs was
quantified by real-time RT-PCR. As shown in Figure 1A, PGE, provoked a dramatic increase
of IDO mRNA in MoDCs matured with sCD40L, similar to MoDCs matured with TNF-a in
combination with PGE, (Braun 2005). In striking contrast, MoDCs matured by poly |:C
constitutively expressed high levels of IDO mRNA independently of PGE, (Figure 1A). The
induction of IDO mRNA on sCD40L matured MoDCs by PGE, was on average 113-fold,
ranging from 17 to 270-fold, depending on the donor (n=7), whereas PGE, had virtually no
effect (less than 1.5-fold, n=6) on IDO expression in poly |:C matured MoDCs (Figure 1B).
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Figure 1. PGE, enhances IDO mRNA expression in
human MoDCs matured with sCD40L but not with
poly I:C. MoDCs generated under serum-free, clinically
relevant conditions were matured for 48 h with either
trimeric sCD40L or poly I:C in the presence or absence
of PGE,. Expression of IDO mRNA was analysed by
real-time RT-PCR. (A) Amplification plots of IDO mRNA
expression in MoDCs of a representative donor in
duplicates matured with sCD40L (black lines) and poly
I:C (grey lines), respectively, are shown. Dashed lines
represent MoDCs matured in the absence of PGEy,
whereas solid lines correspond to MoDCs matured in the
presence of PGE,. (B) Induction of IDO mRNA
expression by PGE; in mature MoDCs of multiple donors
was quantified by real-time RT-PCR and expressed as
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Figure 2. PGE; is not generally required for
IDO protein expression in human MoDCs.
IDO protein expression was analyzed by
Western blotting using an IDO-specific
antibody in total cell lysates of MoDCs
matured with either sCD40L, poly I:C, LPS or a
combination of IL-1R3, IL-6 and TNF-a in the
presence or absence of PGE, (A). The blot
was re-probed with B—actin antibody to ensure
equal protein loading. (B) Expression of IDO
protein was analyzed in immature (iDC) or
sCD40L matured MoDCs, which were cultured
in the absence or presence of PGE; for the
initial 4, 16 or 30 h of maturation or for the full
maturation period (48 h).

fold increase induced by PGE;. Each closed circle
represents the mean of a duplicate analysis of a single
donor (n=7 for sCD40L and n=6 for polyl:C).

Next, we investigated IDO expression on protein level. Again, we found substantial IDO
expression in poly I:C matured MoDCs independently of PGE, supplementation (Figure 2A).
In contrast, IDO expression was only detected in sCD40L matured MoDCs if PGE, was
present during the maturation process (Figure 2A). In the latter case, the level of IDO was
similar to poly I:C matured MoDCs, confirming our data obtained on mRNA level.
Furthermore, we also matured MoDCs with LPS or a cocktail of cytokines including TNF-a.,
IL-18 and IL-6, in the presence or absence of PGE,. Under these conditions, IDO expression
was restricted to MoDCs matured in the presence of PGE, (Figure 2A). These data clearly
suggest that PGE; is responsible for the induction of IDO on MoDCs matured with sCD40L,
LPS or cytokine cocktail, whereas TLR3 triggering alone was sufficient for a high expression
of the tryptophan degrading enzyme. We have recently demonstrated that the addition of
PGE, to DC maturation cocktail has to occur at the beginning of the maturation period to

induce a migratory phenotype, but can be omitted at later time points (Legler 2006). Thus,
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we investigated whether IDO up-regulation in maturing MoDCs happens also at early time
points and whether short term incubation of DCs with PGE, may prevent IDO expression.
Therefore, we co-incubated MoDCs, that were matured with sCD40L for 48 h, with PGE,
during the initial 4 h, 16 h or 36 h, and for the entire 48 h of maturation, respectively (Figure
2B). In fact, IDO protein levels increased the longer PGE, was present during MoDC
maturation, but was already detectable when maturing DCs were treated with PGE,
exclusively for the initial 4 h of maturation followed by a further incubation of 36 h in the

presence of sCD40L alone (Figure 2B).

PGE; is not obligatory for IDO activity in MoDCs matured with TLR3 ligands

As IDO expression does not necessarily correlate with its activity (Braun 2005, Mellor 2004,
Grohmann 2003), we analyzed PGEj-induced IDO for its activity to degrade tryptophan to
kynurenine. To this end, MoDCs were matured with sCD40L or poly I:C in the presence or
absence of PGE, for 2 days and mature cells were incubated with tryptophan. To determine
tryptophan degradation, we quantified residual tryptophan concentration as well as

generated kynurenine in culture supernatants by HPLC. As expected, MoDCs matured with
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Figure 3. PGE; induces active IDO protein primarily through EP4 receptor signalling, but is not essential
for IDO activity during maturation via TLR3. IDO activity was assessed by quantification of tryptophan
degradation to kynurenine using HPLC analysis (A). MoDCs were matured for 48 h by polyl:C (B) or sCD40L (C,
D) in the presence or absence of PGE,, EP2- (butaprost) or EP4- (ONO-AE1-329, PGE;-alcohol) specific
agonists. Cells were washed and incubated in HBSS in the presence of 100 uM of tryptophan for 4 hours.
Supernatants were subjected to HPLC analysis to assess IDO mediated degradation of tryptophan (white bars)
to kynurenine (black bars). Mean values and SEM of seven independent experiments (B, C) of individual donors
are shown.
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sCD40L alone, showing undetectable IDO expression, did not degrade tryptophan (Figure
3B). In contrast, IDO from the supernatant of MoDCs matured with sCD40L and PGE; readily
degraded tryptophan to kynurenine (Figure 3B). Correlating with IDO expression, MoDCs
matured with TLR3 ligand poly I:C produced active IDO independently of PGE,, since more
than 70% of tryptophan was converted to kynurenine in the presence as well as absence of
PGE, during the maturation process (Figure 3A). PGE, has been suggested to be a
mandatory factor for active IDO expression in mature MoDCs (Braun 2005). Surprisingly, we
found this statement not to hold true in general, as certain maturation pathways, such as

TLR3-mediated maturation, seem to circumvent the obligatory signal by PGE..

PGE;-induced IDO activity is mediated primarily by EP4 signaling

The effect of PGE, on human MoDCs can be mediated by two receptors, namely EP2 and
EP4. We have shown previously that activation of EP2 and EP4 either alone or in
combination is mandatory to induce a migratory phenotype of DCs (Legler 2006). A migratory
DC phenotype is essential to ensure homing of antigen-loaded MoDCs to secondary
lymphoid organs and thereby triggering of antigen-specific T cell proliferation. Since PGE,
also induces active IDO production, which may inhibit T cell proliferation, it has been

suggested to prevent IDO expression but simultaneously to induce a migratory phenotype by
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MoDCs was analyzed in Transwell™
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substituting PGE, with a specific EP4 agonist (Braun 2005). To analyze IDO induction
through EP4 receptor signaling under conditions compatible for clinical trials, we matured
MoDCs with sCD40L in the absence or presence of PGE, or two specific EP4 receptor
agonists, ONO-AE1-329 and PGE;-alcohol. Surprisingly, under these conditions, IDO protein

was induced und fully active if MoDCs were matured in the presence of either of the two EP4
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agonists and was comparable to PGE, (Figures 4A, 3B). Unexpectedly, EP4 receptor
induced IDO activity was even higher than EP2 receptor mediated IDO induction by
butaprost (Figure 3C). The ineffective degradation of tryptophan by MoDCs matured with
sCD40L in the presence of butaprost correlated with low induction of IDO protein expression
(Figure 4A). In order to ensure functionality of the EP2 agonist, we analyzed the migratory
behavior of MoDCs. We matured MoDCs with sCD40L in the absence or presence of PGE,,
the EP2 agonist butaprost or the EP4 agonist PGEs-alcohol and subjected the cells to

Transwell™

chemotaxis assays. As noted for poly I:C (Legler 2006), sCD40L-matured
MoDCs migrated in response to the homing chemokine CCL21 only if MoDCs were matured
in the presence of either PGE,, EP2 or EP4 agonists, demonstrating that butaprost was
biologically active (Figure 4B). Although the EP2 agonist butaprost did not induce high levels

of IDO, it provoked a migratory capacity similar to PGE, and EP4 agonist.

PGE; enhances the stimulatory capacity of MoDCs

Supplementation of PGE, to MoDC maturation stimuli (cytokine cocktail, sCD40L, or poly I:C)
was shown to enhance their capacity to promote CD4" and CD8" T cell proliferation
(Scandella 2002, Rubio 2005). To investigate the effect of PGE, on stimulatory properties of
MoDCs compatible for clinical trials, we differentiated MoDCs from monocytes by addition of
IL-4 and GM-CSF in serum-free medium. MoDCs were matured with sCD40L in the absence
or presence of PGE, for 2 days and subsequently co-cultured with alloreactive naive
CD45ROCD4" or CD45ROCD8" T cells. T cell proliferation was assessed after 5 days of
stimulation using a BrdU cell proliferation ELISA. As depicted in Figure 5, IDO positive
MoDCs matured in the presence of PGE, were significantly more efficient to induce T cell

proliferation of both CD4" and CD8" subpopulations.

Figure 5. PGE; enhances
the stimulatory capacity of
MoDCs. MoDCs  were
matured with sCD40L in the
presence (solid lines) or
- absence (dashed lines) of
0 ¥ —=-sCD40L PGE, and co-cultured with
v —»— SCD40L/PGE, alloreactive naive CD4" (A)
0.0 or CD8" (B) T cells. After 5
1160 1:80  1:40 1:20 days of stimulation, T cell

DC:CD4* proliferation was assessed
B 1004 by BrdU cell proliferation
ELISA. Mean values and
0.75- SEM of a representative
experiment out of six are
shown.
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PGE-induced IDO does not limit the capacity of MoDCs to stimulate T cell
proliferation

As addition of PGE;, to sCD40L for maturation of MoDCs promotes the expression of active
IDO, we investigated whether active IDO interfered with MoDC-induced T cell proliferation.
To this end, we matured MoDCs with sCD40L in the absence and presence of PGE; and co-
cultured mature MoDCs with freshly isolated alloreactive naive CD45ROCD4" or CD45R0O"
CD8" T cells as above. IDO activity was inhibited by addition of 20 uM 1-methyltryptophan
(1-MT). As 1-MT is solved in HCI, a solvent control was included to ensure specific IDO
inhibition and exclude solvent dependent effects. CD4" T cell proliferation was enhanced by
PGE, matured MoDCs and could not be further augmented by addition of 1-MT (Figure 6A).
Even higher concentrations of 1-MT (200 uM, 2 mM) did not improve T cell proliferation (data
not shown). In addition, IDO inhibition by 1-MT did also not enhance alloreactive CD8" T cell
proliferation stimulated by MoDCs matured in the presence of PGE, (Figure 6B).
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Figure 6. PGE; induced IDO activity does not Figure 7. Elevated expression of

limit the enhanced stimulatory capacity of PGE;
matured DCs. MoDCs were matured with sCD40L
in the presence (black solid lines) or absence (grey
solid lines) of PGE; and co-cultured with alloreactive
naive CD4" (A) or CD8" (B) T cells for 5 days. To
inhibit IDO activity, 1-methyltryptophan (1-MT, black
dashed lines) was added for the entire co-culture. To
ensure specificity, HCI, the solvent of 1-MT, was
added at the same concentration (grey dotted line).
Mean values and SEM of 4-6 independent
experiments with different donors are shown.
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tryptophanyl-tRNA-synthetase (TTS) in T
cells co-cultured with PGE,-matured MoDCs.
MoDCs matured with sCD40L in the presence or
absence of PGE, were co-cultured with naive
allogenic CD4" T cells. After 4 days, TTS mRNA
of sorted T cells from the co-culture was
quantified by real-time RT PCR. Relative TTS
expression was normalized to TTS mRNA in
unstimulated T cells from the same donor. Each
closed circle represents the mean of a duplicate
analysis of a single donor (n=8).
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Elevated levels of tryptophanyl-tRNA-synthetase (TTS) in T cells co-cultured with
PGE,-matured MoDCs

TTS is another important enzyme of the tryptophan metabolism. TTS is responsible for the
association of tryptophan with its specific tRNA. This tryptophan-tRNA complex generates a
reservoir of tryptophan that is available for protein de novo synthesis (Fleckner 1995, Rubin
1991). Elevation of the TTS expression level can thus serve as counter-mechanism to
protect IDO-mediated tryptophan deprivation. To investigate whether this may explain why T
cells can proliferate in the presence of active IDO, we co-cultured naive CD4" T cells with
allogenic MoDCs matured with sCD40L in the presence or absence of PGE,. Four days after
stimulation, T cells were isolated and TTS mRNA was quantified by real-time RT-PCR. In
fact, T cells derived from co-cultures with sCD40L-matured MoDCs express on average 25-
fold more TTS compared to naive T cells from the same donor (Figure 7). Moreover, the TTS
levels further increase by a factor of two if PGE, was added to the MoDC maturation stimulus
(Figure 7). These data provide clear evidence that PGE,-induced IDO expression in MoDCs

is compensated and nullified with enhanced expression of TTS in the proliferating T cells.

Discussion

The aim of efficient vaccines against cancer is to induce tumor-specific effector T cells that
eliminate the cancerous tissue in conjunction with establishing a pool of tumor-specific
memory T cells that control eventual tumor relapse (Banchereau 2005). DCs are key players
in launching an efficient T cell-mediated immunity owing to their unique capacity to acquire,
process and present antigens to all subsets of T cells. The first clinical study of a DC vaccine
was published 10 years ago in which follicular B cell lymphoma patients were treated with
peripheral-blood derived DCs loaded with recombinant tumor-specific idiotype proteins (Hsu
1996). This hallmark-study initiated a whole series of experimental studies and clinical trials
using antigen-loaded DCs as vaccines to augment tumor-specific T cell responses in cancer
patients (Schuler 2003, Cerundolo 2004, Banchereau 2005, Davis 2003, Figdor 2004). One
important aspect was the development of a protocol to generate large amounts of monocyte-
derived DCs (Sallusto 1994). Most clinical studies nowadays use such MoDCs, in which
monocytes are isolated from peripheral blood and cultured in the presence of IL-4 and GM-
CSF for several days to differentiate into immature DCs. These cells can be further matured
with different stimuli, such as poly I:C, sCD40L, LPS, or a combination of the cytokines IL-1R,
IL-6 and TNF-a. These matured MoDCs, when loaded with antigens, are capable to
propagate antigen-specific T cells in vitro and show cytotoxic activity for antigen-bearing

target cells in the case of CD8" T cells. However, despite a robust activation of the adaptive

79



CHAPTER 5

immune response against the targeted tumor antigen, DC-based immunotherapies often
showed only a marginal clinical anti-tumor activity (Schadendorf 2006). This drawback is
easily explained by the fact that in vitro generated, antigen-loaded, radioactively-labeled
mature DCs could not be detected in lymph nodes of the patients (Morse 1999a). Migration
of mature DCs to the T cell zone of secondary lymphoid organs is guided by the homing
chemokines CCL19 and CCL21 (Ohl 2004, Forster 1999). We and others have realized that
CCRY7 expression, the chemokine receptor for CCL19 and CCL21, alone is not sufficient to
facilitate migration of clinical-grade MoDCs (Scandella 2002, Luft 2002, Scandella 2004,
Legler 2006). In fact, whatever stimuli may be used to mature clinical-grade MoDCs,
supplementation of the maturation cocktail with the pro-inflammatory mediator prostaglandin
E, is fundamental for the development of a migratory MoDC phenotype (Scandella 2002, Luft
2002, Scandella 2004, Legler 2006, van Helden 2006). Moreover, also ex vivo peripheral
blood DCs rely on PGE, addition for efficient migration (Legler 2006). The crucial role of
PGE, for DC migration has been further substantiated by the finding that skin-derived
Langerhans cells derived from ptger4 null mice, which lack the PGE; receptor EP4, showed
impaired homing to draining lymph nodes, whereas EP2"" animals had no such phenotype
(Kabashima 2003). In contrast, in human, PGE, triggering can be mediated through either
EP2 or EP4 to give rise to migratory DCs (Figure 4B and Legler 2006).

A recent study by Braun and coworkers now challenged the use of PGE, supplementation for
MoDC maturation as they found that PGE, was responsible for the induction of IDO (Braun
2005). IDO is the initial and rate-limiting enzyme which converts tryptophan to kynurenine;
and tryptophan is an essential amino acid important for protein synthesis, cell survival, and
proliferation (Taylor 1991, Murray 2003). Hallmark-studies by Munn and Mellor discovered
that IDO was able to prevent rejection of the fetus during pregnancy (Munn 1998, Mellor
2001). IDO expression in DCs depends on IFN-y stimulation and correlates with the inhibition
of T cell proliferation which can be prevented with the IDO inhibitor 1-MT (Hwu 2000, Munn
2002, Terness 2005). Moreover, the tryptophan-derived catabolites kynurenine, 3-
hydroxykynurenine and 3-hydroxyanthranilic acid can induce activation induced T cell death
(Frumento 2002, Terness 2002). Braun and collaborators now described that the presence of
PGE; during TNF-a or LPS induced maturation of human MoDCs induces active IDO protein
(Braun 2005). In the absence of PGE,, however, they found no IDO protein. The authors
therefore suggested reconsidering the use of PGE; in DC-based immunotherapy protocols.
Using human MoDCs compatible for clinical trials we now describe that the addition of PGE;
to LPS, sCD40L, or a cocktail of cytokines for MoDC maturation provoked up-regulation of
IDO on mRNA and protein level (Figure 1, 2A) confirming and extending the observations by
Braun, et al. (Braun 2005). However, we demonstrated that TLR3-mediated MoDC
maturation using poly I:C induced IDO expression independently of PGE, (Figure 1, 2A) and
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poly I:C induced IDO protein was fully active (Figure 3A). In our hands, IDO protein
expression strictly correlated with the enzyme’s activity. Thus, PGE; is not a general pre-
requisite for IDO expression in mature MoDCs, as implied previously (Braun 2005).

In humans, the PGE, promoted enhanced migratory capacity of MoDCs is mediated through
the PGE; receptors EP2 and EP4 (Legler 2006), in contrast to mice, where the effect is
accredited to EP4 alone (Kabashima 2003). Braun and colleges demonstrated that PGE,-
induced active IDO in human MoDCs is mediated exclusively through EP2 triggering. As a
consequence, they suggested replacing PGE, with a specific EP4 agonist in maturation
protocols for DC-based immunotherapies to induce a migratory phenotype but to prevent
expression of active IDO (Braun 2005). In striking contrast, using two independent specific
agonists we clearly demonstrate that under serum-free, clinically relevant conditions, PGE,
induced IDO protein expression and activity is primarily mediated by the PGE, receptor EP4
(Figure 4A, 3B). EP2 triggering also induced IDO activity, but to a much lower level (Figure
4A), which correlated with lower IDO protein induction (Figure 4A). The addition of PGE,,
EP2 or EP4 agonists during MoDC maturation is not only essential for the development of a
migratory phenotype it also induces active IDO protein. Interestingly, IDO may even be
critical for DC activation and chemotaxis, as incubation of maturing DCs with the IDO
inhibitor 1-MT impaired maturation-induced regulation of chemokine receptor expression
(Hwang 2005). With respect to DC-based immunotherapy, antigen-loaded DCs must acquire
a migratory phenotype to reach the draining lymph node to initiate an efficient immune
response. Initial studies using MoDCs that were matured in the absence of PGE, showed a
clear deficit in migration (Morse 1999a). These data clearly argue for the use of PGE, (or
receptor agonists) for the generation of clinical-grade DCs. The induction of IDO which may
inhibit antigen-specific T cell proliferation within the lymph node now challenges the use of
PGE,. Unexpectedly, despite active IDO expression, PGE,-matured MoDCs showed an
enhanced capacity to induce allogenic CD4" and CD8" (Figure 5, 6), as well as antigen-
specific (Rubio 2005) T cell proliferation compared to MoDCs matured in the absence of
PGE,. In order to test whether the augmented capacity of PGE,-matured MoDCs was
nevertheless limited by active IDO expression, we inhibited IDO activity with 1-MT. Strikingly,
we were unable to increase the number of proliferating T cells by PGE,-matured MoDCs
when IDO activity was blocked (Figure 6). The robust T cell activation of both T helper as
well as cytotoxic T cell subpopulations induced by PGE,-matured MoDCs seems not to be
restrained by IDO expression. The fact that efficient T cell proliferation can be induced by
IDO-positive DCs was discovered recently. Terness and colleagues found that the
proliferation of neither OKT3-stimulated human T cells of healthy donors, nor myelin-basic-
protein-specific T cells of patients with multiple sclerosis was impaired by autologous MoDCs

expressing IDO (Terness 2002). Moreover, resistance of synovial T cells of rheumatoid
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arthritis patients to IDO-mediated tryptophan deprivation was shown to be associated with
enhanced expression of the enzyme tryptophan-tRNA-synthetase (TTS) (Zhu 2006). TTS
protects T cells from IDO activity in two ways (Zhu 2006, Boasso 2005): One includes the
formation of tryptophane-tRNA-complexes, which act as a reservoir of tryptophan for protein
synthesis thus overcoming the tryptophan-deprivation effect of IDO. The other way is the
reduction of tryptophan catabolites, which can induce cell death. We discovered that T cells
that are co-cultured with MoDCs expressed substantial amount of TTS. Interestingly, we
found even higher amounts of TTS in proliferating T cells that were engaged by MoDCs
matured in the presence of PGE, (Figure 7). This novel finding can easily explain why
MoDCs matured with PGE, can still prime T cells despite IDO expression. Interestingly
enough, IDO as well as TTS, are both induced by IFN-y (Fleckner 1995). Thus, it is
conceivable that under pathological conditions, where IFN-y is produced, TTS activity of T
cells that are recruited along with IDO-positive DCs to the lymph node at an early phase is
capable to silence the tolerogenic potential of IDO. However, in order to regulate the immune
response, T cell proliferation within the lymph node needs to be stopped at later time points,
e.g when IFN-y is no longer produced to induce TTS, whereas the homed DC may still
express functional IDO.

In summary, we demonstrate that PGE, induces active IDO expression in DCs generated
under clinically relevant conditions early during maturation. However, PGE, is not
fundamental for IDO induction, as functional IDO expression is observed in TLR3 mediated
MoDC maturation in the absence of PGE,. Since under serum-free conditions, IDO
expression by PGE; is mediated primarily through EP4 receptor, the proposed replacement
of PGE; by a specific EP4 agonist (Braun 2005) for generation of migratory and IDO negative
MoDCs can no longer be recommended. Although PGE; induces functional IDO in MoDCs,
the T cell stimulating capacity is enhanced. In addition, we demonstrate that T cells activated
by PGE,-matured MoDCs express high levels of TTS, which protect them from tryptophan
deprivation by IDO-expressing DCs. Overall, PGE, is not only fundamental for the
development of a migratory phenotype but enhances T cell stimulatory capacities of mature
MoDCs.

Materials and Methods

Generation of human MoDCs
Monocytes were isolated from peripheral blood monocytes (PBMCs) as previously described
(Scandella 2004, Legler 2006). Briefly, PBMCs were isolated from whole blood of healthy

donors by density gradient centrifugation on Ficoll Paque Plus (Amersham Biosciences,
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Uppsala Sweden). Monocytes were positively selected from PBMCs using anti-CD14-
conjugated magnetic microbeads (Miltenyi Biotec, Bergisch-Gladbach, Germany) and
cultured at 1x10° cells/ml in AIM-V medium supplemented with 50 ng/ml GM-CSF
(Leukomax®, Novartis, Basel, Switzerland) and IL-4 (supernatant of an IL-4 producing J558
cell line). Immature DCs were harvested after 5 to 6 days, and maturation was induced for 2
days by adding 0.5 pg/ml trimeric sCD40L (PromoCell, Heidelberg, Germany), 20 pug/ml poly
I:C (LPS-free; Sigma, St Louis, MO), 1 ug/ml LPS (Salmonella abortus equi, Sigma) or a
cocktail of pro-inflammatory cytokines (20 ng/ml TNF-a,, 10 ng/ml IL-1B3, 20 ng/ml IL-6, all
purchased from PromoCell, Heidelberg, Germany). Where indicated, 1 ug/ml PGE,
(Minprostin® E2, Pharmacia, Uppsala, Sweden), 1 ug/ml of specific agonists for EP2
(butaprost, Cayman Chemicals, Ann Arbor, MI) or EP4 (PGE;-alcohol, Cayman Chemicals;
ONO-AE1-329, ONO Pharmaceutical, Osaka, Japan) was added.

Cell migration assay

To measure chemotaxis, 1x10° DCs were placed on a polycarbonate filter with a pore size of
5 um in a 24-well Transwell™
towards 250 ng/ml CCL21 (PromoCell, Heidelberg, Germany) for 3 hours at 37°C/5% CO..

Migrated cells were counted by flow cytometry (LSRII, BD Biosciences, Erembodegen,

plate (Corning Costar, NY). Cells were allowed to migrate

Belgium) and specific migration was calculated as percentage of the number of input cells

after subtraction of spontaneous migration toward AIM-V medium without chemokine.

MoDC induced T cell proliferation

Human peripheral blood T cells were isolated from PBMCs of healthy donors using the pan T
cell isolation kit (Miltenyi Biotec) according to the manufacturer’s protocol. Naive T cells were
negatively sorted using anti-CD45RO conjugated magnetic microbeads (Miltenyi Biotec),
resulting in a pure population of CD45RA" expressing cells. Naive T cells were further
separated into CD4" and CD8" populations using anti-CD4 conjugated magnetic microbeads
(Miltenyi Biotec). Naive CD4" and naive CD8" cells, respectively, were co-cultured with
mature MoDCs in graded ratios in RPMI 1640 medium containing 10% FCS. Where
indicated, 20 uM of 1-methyltryptophan (Sigma) was added. T cell proliferation was
measured after 5 days of co-culture using BrdU cell proliferation ELISA kit (Roche,

Indianapolis, IN) according to the manufacturer’s protocol.

IDO mRNA and protein expression
Total RNA of mature MoDCs was isolated using the RNeasy mini kit (Qiagen, Hilden,
Germany) and transcribed into cDNA using the Tagman® reverse transcription reagent

(Applied Biosystems, Rotkreuz, Switzerland) with random hexamer primers according to the
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manufacturer’s instructions. For amplification of IDO, 1 ul of cDNA was added to QuantiTect
SYBR Green PCR Master Mix (Qiagen) containing 200 nM forward primer 5'-
TGTCCGTAAGGTCTTGCCAAGA and 200 nM reverse primer 5'-
CACCAATAGAGAGACCAGGAAGAATC. Real-time PCR was performed with an initial step
of denaturation at 95°C for 15 min followed by 40 cycles of 15 sec at 94°C, 30 sec at 60°C
and 30 sec at 72°C using the Tagman 7700 (Applied Biosystems). IDO mRNA expression
was normalized to two housekeeping genes 3-2 microglobulin (32M) and ubiquitin C (UBC)
using the primers 5-GCTATCCAGCGTACTCCAAAGATTC and 5-
CAACTTCAATGTCGGATGGATGA for B2M and 5-ATTTGGGTCGCGGTTCTTG and 5'-
TGCCTTGACATTCTCGATGGT for UBC, respectively, and SYBR Green PCR Master Mix
(Applied Biosystems) containing 200 nM forward as well as reverse primer according to the
manufacturer’s instructions. Relative mRNA expression was calculated with the AACt-
method. IDO protein expression was analyzed by Western blotting using an anti-IDO specific
antibody (Upstate, Charlottesville, VA). The blot was re-probed with a R—actin antibody

(Abcam, Cambridge, UK) to ensure equal protein loading.

Detection of active IDO protein in MoDCs

Mature MoDCs were harvested and washed 3 times in Hanks balanced salt solution (HBSS).
2x10° cells were resuspended in 1 ml HBSS containing 100 uM L-tryptophan (Sigma) and
incubated for 4 h at 37°C/5% CO,. Supernatants were collected and subjected to HPLC
analysis after addition of 200 mM H,SO,. Tryptophan and kynurenine were analyzed using a
HPLC system consisting of two high-pressure pumps (Shimadzu LC-10ATvp), an
autoinjector (Gilson 234), a C18 reversed-phase column (Grom-Sil 120 ODS-5ST, 5 pm,
150x4.6 mm, Grom, Herrenberg, Germany), and a UV-VIS diode array detector (Shimadzu
SPD-M 10). Analysis was performed at RT using a gradient program with a mobile phase
comprising a mixture of 100 mM ammonium phosphate buffer pH 2.6 and methanol at a flow
rate of 1 ml/min with a detection wavelength of 227 nm. The solvent phase (5% (v/v)
methanol) was initially held for 1 min, then the concentration was increased to 45% over a
period of 6 min and lowered to 5% within 0.5 min and held for an additional 7 min. Amounts
of tryptophan and kynurenine in MoDC supernatants were quantified with the CLASS-VP
software (Shimadzu) on the basis of standard solutions of 20 uM, 50 uM and 100 pM of

tryptophan and kynurenine (Sigma), respectively.

Quantification of tryptophanyl-tRNA-synthetase (TTS)
MoDCs matured in the presence or absence of PGE;, were co-cultured with naive allogenic
CD4" T cells as described above. After 4 days, T cells from the co-culture were positively

selected using an anti-CD3 antibody and magnetic nanoparticles (StemCell Technologies,
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Vancouver, BC), RNA was extracted and transcribed into cDNA. TTS mRNA was quantified
by real-time PCR as described previously (Zhu 2006). TTS expression was normalized to
two house-keeping genes (B-2 microglobulin and ubiquitin C) and calculated relative to

unstimulated CD4" T cells from the same donor.
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Prostaglandin E, enhances T cell proliferation by inducing the
co-stimulatory molecules OX40L, CD70 and 4-1BBL on

dendritic cells

Abstract

Dendritic cell-based immunotherapy of malignant and infectious diseases relies on two
critical parameters: antigen transport from the periphery to draining lymph nodes and efficient
priming of primary and secondary immune responses. Prostaglandin E, (PGE;) signaling has
been shown to be pivotal for the development of a migratory DC phenotype. In fact, human
monocyte-derived dendritic cells (MoDCs), as used in clinical trials, migrate in response to
lymph node derived chemokines exclusively after exposure to PGE,. Here, we demonstrate
that PGE, also enhances the ability of MoDCs to induce antigen-specific primary and
memory T cell responses. The augmented T cell stimulatory capacity of MoDCs matured in
the presence of PGE; correlates with the induction of co-stimulatory molecules of the TNF
super family, namely OX40L, CD70 and 4-1BBL. While the expression of OX40L and CD70
occurs independently of the maturation pathway, it is dependent on the presence of PGE;
during the initial phase of maturation. Blocking OX40/0OX40L signaling using neutralizing
antibody impaired the enhanced T cell proliferation induced by PGE,-matured MoDCs.
Moreover, MoDCs matured in the presence of PGE, induced the expression of OX40,
OX40L, and CD70 on T cells facilitating T cell-T cell interactions that warrant a long lasting
co-stimulation. Our data clearly show the PGE,-dependent expression of co-stimulatory
molecules of the TNF super family that play a role in the enhanced ability of PGE,-matured

MoDCs to induce T cell proliferation.
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Introduction

Dendritic cells (DCs) are key players in defence to pathogens due to their capacity to induce
primary and secondary T cell responses. Optimal T cell activation needs two signals, both of
which are provided by mature DCs. Firstly, the recognition of the specific peptide bound to
self-MHC and secondly ligation of co-stimulatory molecules, that provide signals essential for
proliferation, survival and cytokine production. The most important co-stimulatory receptor for
early proliferation of naive T cells is CD28 (Lenschow 1996). However, for T cell proliferation
and survival at later phases and the development of memory T cells additional co-stimulatory
molecules were described to deliver essential signals. Among these molecules, which belong
to the TNF/TNFR superfamily, are OX40L/OX40 (CD134), 4-1BBL/4-1BB (CD137) and
CD70/CD27 (Watts 2005).

OX40 is induced on activated T cells and provides an essential signal for optimal CD4" T cell
function (Gramaglia 1998, Kopf 1999, Chen 1999, Murata 2000) as well as for the generation
of memory T cells (Gramaglia 2000, Rogers 2001, Hendriks 2005) by promoting prolonged
survival of effector T cells (Rogers 2001). Signaling through OX40 is controlled in vivo by the
availability of the ligand OX40L. The expression of OX40L is tightly regulated but can be
induced on APCs such as DCs (Ohshima 1997, Brocker 1999), B cells (Stuber 1995) and
microglia (Weinberg 1999). The lack of OX40L on APCs results in a marked reduction of
cytokine production and proliferation of CD4" T cells (Chen 1999, Murata 2000). Murine DCs
transfected with mRNA encoding OX40L induce enhanced anti-tumor activity in vivo, while
transfection of OX40L mRNA into human MoDCs improves the induction of antigen-specific
CTLs in vitro (Danull 2005).

CD27 is expressed on naive CD4" and CD8" T cells (Borst 2005) and on primed B cells
(Xiao 2004) and signaling through CD27 supports T cell survival. In transgenic mice constant
activation of CD27 by persistent expression of CD70 on B cells leads to excessive T cell
proliferation (Arens 2001, Tesselaar 2003). The expression of CD70 is tightly regulated and
can be transiently induced on T cells, B cells and DCs after antigen receptor engagement or
TLR stimulation, respectively (Bowman 1994, Tesselaar 1997, Tesselaar 2002). For
expansion and survival of primed CD8" T cells expression of CD70 on activated DCs has
been shown to play an important role in mice (Schildknecht 2007, Taraban 2004, Laouar
2005). In addition to DCs, OX40L and CD70 are inducible on T cells, thus providing a
mechanism by which co-stimulatory survival signals can be delivered through T cell-T cell
contact after those signals are no longer available on APCs (Soroosh 2006).

Since DCs are very rare in peripheral blood, the most commonly used procedure to generate
mature DCs for immunotherapeutic purposes involves the differentiation of monocytes into

immature DCs (Sallusto 1994, Peters 1993). Maturation can be induced by addition of a pro-
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inflammatory cytokine cocktail consisting of TNF-a, interleukin (IL)-1B3, IL-6 and
Prostaglandin E, (PGE,) (Jonuleit 1997). PGE, is a metabolite from the arachidonic acid
cycle and has been shown to be the key factor during DC maturation for the acquisition of a
migratory phenotype (Kabashima 2003, Legler 2006, Scandella 2002, Luft 2002). Since
chemotactic responsiveness of mature DCs is promoted by PGE,, the transport of antigen
from the periphery to the draining lymph nodes and thus the induction of an antigen-specific
immune response is PGE>-dependent. In addition to promoting migratory capacities of DCs,
PGE provides monocyte-derived DCs (MoDC) with the enhanced ability to induce allogenic
as well as antigen-specific T cell proliferation (Scandella 2002, Krause 2007, Rubio 2005).
Moreover, using mice deficient in the PGE, receptor EP4 Kabashima et al. showed that
PGE,-EP4 signaling enhances the T cell stimulatory capacity of Langerhans cells
(Kabashima 2003). The mechanism by which PGE, induces enhanced T cell stimulatory
capacities in mature MoDCs is still unclear.

In this study, we show a strictly PGE,-dependent expression of OX40L and CD70 in mature
MoDCs, which increase the capacity of those DCs to induce antigen-specific T cell

proliferation.

Results

PGE; potentiates the ability of human MoDCs to induce T cell proliferation

It is well established that PGE, is the crucial factor during MoDC maturation in order to
generate DCs with a migratory phenotype (Scandella 2002, Luft 2002, Legler 2006).
Additionally, it has been shown previously, that MoDCs matured in the presence of PGE,
under serum-free conditions initiate improved allogenic T cell activation (Krause 2007,
Scandella 2002). To determine whether this effect also applies to antigen-specific T cell
stimulation, we generated MoDCs matured with sCD40L in the absence or presence of PGE;
and co-cultured them with autologous CFSE-labeled PBMCs. During maturation MoDCs
were pulsed either with tetanus toxoid (TT) or keyhole limpet hemocyanin (KLH). TT could
induce memory T cell proliferation, since all donors had multiple vaccinations with TT. KLH,
however, should induce a primary immune response, as immune cells have never before
been confronted with this antigen under normal circumstances. Immature antigen-pulsed
MoDCs induced only minor T cell proliferation after six days (Figure 1A, B), which is
expected since they were unable to provide co-stimulatory signals due to the lack of
expression of CD83 and weaker expression levels of CD80 and CD86 compared to mature
MoDCs (Figure 1C). Surprisingly, maturation through CD40 signaling did not strongly

improve the ability to induce T cell proliferation (Figure 1A, B), despite high surface
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expression of CD83, CD80 and CD86 (Figure 1C). Only MoDCs matured in the presence of
PGE, were able to promote strong antigen-specific primary and memory T cell proliferation
(Figure 1A, B). The surface expression of co-stimulatory molecules like CD83, CD80 and
CD86 on mature MoDCs is not PGE,-dependent (Figure 1C); nevertheless PGE, has a
crucial impact on the capacity of mature MoDCs to stimulate T cell proliferation. The
augmented stimulatory capacity of PGE,-matured MoDCs was not limited to one T cell
subset, but affects both CD4" and CD8" T cells. MoDCs matured in the presence of PGE,

could induce moderate T cell proliferation in the absence of antigen (data not shown).
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Figure 1. PGE; enhances T cell stimulatory capacities of human MoDCs. MoDCs were generated and left
immature (iDC) or matured (mDC) using sCD40L in the absence or presence of PGE; and pulsed with tetanus
toxoid (TT) (A) or Keyhole limpet hemocyanin (KLH) (B). (A, B) Antigen-pulsed MoDCs were cultured together
with autologous CFSE-labeled PBMCs and T cell proliferation was analyzed after 6 days by flow cytometry.
Percentages of alive (Sytox Blue negative), divided (CFSE’), CD3'CD4" or CD3"CD8" cells are shown for a
representative out of at least five experiments.(C) Immature (iDC) or matured MoDCs (mDC) were analyzed for
expression of co-stimulatory molecules by flow cytometry. Maturation was induced by addition of trimeric soluble
CD40L in the absence or presence of PGE,. Grey thin lines represent isotype controls while black bold lines
represent specific staining for CD83, CD80 or CD86 as indicated.

PGE, promotes expression of co-stimulatory molecules of the TNF superfamily on
MoDCs

To investigate the mechanism responsible for the enhanced T cell activating properties of
PGE,-matured MoDCs we performed a gene expression analysis on MoDCs matured using
soluble CD40L (sCD40L) in the absence or presence of PGE,. Analyses revealed up-
regulation of three non-classical co-stimulatory molecules of the TNF superfamily, namely
TNFSF4 (OX40L, CD134), TNFSF7 (CD70, CD27L) and TNFSF9 (4-1BBL, CD137L). The
results were corroborated by quantitative real-time PCR, showing a 10- to 30-fold higher
expression on mMRNA level induced by PGE, (Figure 2A). Since it was suggested that at least
CD70 is regulated on posttranslational as well as transcriptional level (Tesselaar 2002),
surface expression was assessed by flow cytometry after one and two days of maturation.
Neither OX40L nor CD70 were expressed by immature MoDCs and were not induced by

PGE; alone (Fig 2B, C). After 24 hours of maturation via CD40 ligation, both molecules were
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absent from the surface. However, after 48 h OX40L and CD70 could be detected on the
surface of MoDCs matured in the presence of PGE,, while both molecules were absent on
those MoDCs matured without PGE; (Figure 2B, C). The induction of 4-1BBL on mRNA level
(Figure 2A) could not be confirmed for cell surface expression, which might be due to poor
antibody quality. Lee et al. reported only weak expression of 4-1BBL on MoDCs after
stimulation with LPS for 48 hours, which was further increased after 72 hours of maturation.
Hence, 4-1BBL surface expression may be regulated later during maturation than OX40L
and CD70.

>

Figure 2. Co-stimulatory
molecules of the TNF
superfamily are induced on
MoDCs by PGE;. (A) Real-time
RT-PCR analysis of TNFSF4,
TNFSF7 and TNFSF9 mRNA
o expression in MoDCs that were
TNFSF4 TNFSF7 TNFSF9 matured in the absence or
presence of PGE,. The means
B C and SEM of PGE-induced fold
increase of specific mMRNA
expression is shown (n=7). (B, C)
Surface expression of OX40L (A)
or CD70 (B, black bold lines) on
immature MoDCs (iDC) or
sCD40L-matured DCs in the
absence or presence of PGE;
after 24 h or 48 h of culture was
analyzed by flow cytometry. Grey
thin lines represent isotype
control staining.
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Expression of OX40L and CD70 on mature MoDCs is PGE, dependent

A previous study has shown that expression of OX40L on human dendritic cells is primarily
controlled by CD40 signaling, but can also be induced after TNF-a activation (Ohshima
1997). By triggering maturation pathways via TLR4 with LPS or TLR3 signaling with poly I:C,
or using a cytokine cocktail containing TNF-a, IL-13, IL-6, and PGE,, we found that PGE;
induces expression of OX40L on MoDCs when applied in combination with each of these
maturation stimuli (Figure 3A). None of the tested maturation stimuli was able to induce
OX40L expression in the absence of PGE,. Under serum-free conditions OX40L expression
on mature human MoDCs seems to be independent of the maturation stimulus but is

dependent on the presence of PGE,. In mice, CD70 expression has been reported to be
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inducible on CD11c” bone marrow derived DCs after CD40 or TLR4 stimulation (Tesselaar
2002). In human MoDCs, expression of CD70 was detectable in the presence of PGE, when
maturation was induced via CD40 or TLR4 or using TNF-a, IL-18 and IL-6 (Figure 3B),
although the PGE,-induced expression was very low after LPS stimulation. Maturation via
TLR3 signaling led to low expression of CD70, which was strongly enhanced in the presence
of PGE; (Figure 3B). Peripheral DCs will mature in the presence of PGE, when encountering
pathogens in vivo, because PGE, can be produced in large quantities by monocytes,
macrophages, fibroblast and keratinocytes under inflammatory conditions (Sato 1997, Endo
1998, Kanekura 1998). As maturing DCs will leave the site of infection very rapidly, their
exposure to high concentration of PGE; in the inflamed tissue is temporary. We therefore
determined if a short stimulation with PGE, during the initial hours of maturation was
sufficient to promote OX40L and CD70 expression on mature MoDCs. As shown in Figure
3C, addition of PGE, to the maturation stimulus for the initial 3 hours of maturation was
sufficient to induce expression of OX40L and CD70 after 48 hours of maturation. A prolonged
presence of PGE; could further increase surface expression of both co-stimulatory molecules

in some donors, but was dispensable in others.
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Figure 3. PGE; induces OX40L and CD70 expression on mature MoDCs independently of the maturation
pathway. (A) MoDCs were matured for 48 h using sCD40L, LPS, poly I:C or a cytokine cocktail consisting of
TNF-a, IL-1R and IL-6, in the absence or presence of PGE; and analyzed for the expression of OX40L (A, black
heavy line) and CD70 (B, black heavy line) by flow cytometry. (C) MoDCs were matured with sCD40L while
PGE; was present for the first 3 h or 15 h, or for the full period of maturation. Expression of OX40L and CD70
(black heavy lines) was assessed by flow cytometry after 48 h of maturation. The isotype control staining is
presented as grey thin line. A representative out of four independent experiments with different donors is shown.
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PGE;-induced augmentation of T cell stimulatory capacities of MoDCs can be inhibited
by OX40L blockade

Transfection of MRNA encoding OX40L into mouse DCs has been shown to enhance their
ability to induce anti-tumor immunity (Danull 2005). To determine the impact of PGE,-
induced OX40L expression on human MoDCs we cultured antigen-pulsed mature MoDCs
generated in the absence or presence of PGE, together with autologous PBMCs while
blocking OX40L:0X40 interaction using a neutralizing goat anti-human OX40L antibody.
After six days of culture OX40L blockage inhibited concentration-dependently the enhanced
memory CD4" and CD8" T cell proliferation promoted by TT-pulsed MoDCs matured in the
presence of PGE, (Figure 4A, B). As a control we also added normal goat IgG which had no
influence on T cell proliferation. Since OX40 provides an anti-apoptotic signal leading to
survival of proliferating T cells (Rogers 2001), it is not surprising that the effect of OX40L
blockage is more profound at day 12 (Figure 4C, D) compared to day six. The capacity of
PGE;-matured MoDCs to potentiate T cell proliferation could be partially reversed by OX40L

blockage not only for memory, but for primary T cell responses as well (Figure 5).
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Figure 4. Blockade of OX40L can partially reverse the PGE;-induced enhanced capacity of MoDCs to
stimulate memory T cell proliferation. MoDCs were matured with sCD40L in the absence (white bars) or
presence (black bars) of PGE;, pulsed with tetanus toxoid (TT) and cultured together with autologous CFSE-
labeled PBMCs for 6 (A, B) or 12 days (C, D). In the co-cultures containing sCD40L/PGE>-matured MoDCs
different amounts of a goat anti-human OX40L neutralizing antibody (m) or normal goat IgG (¢) were added. T
cell proliferation was analyzed by CFSE-dilution of live (SytoxBlue negative), CD3"CD4" (A,C) or CD3'CD8" (B,
D). Percentages of dividing (CFSE’) CD3"CD4" or CD3'CD8" cells from all alive, CD3'CD4" or CD3'CD8" cells
are presented. Means and SEM of at least four independent experiments with different donors are shown.

Statistical differences were assessed in comparison to MoDCs matured with sCD40L/PGE. * p<0.05, ** p<0.01,
*** p<0.001
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Figure 5. The enhanced primary
T cell response induced by
PGE,-matured MoDCs can be
inhibited by OX40L-blockade.
MoDCs were matured with sCD40L
in the absence (white bars) or
presence of PGE; (black bars) and
pulsed with KLH for 48 h. Freshly
isolated autologous PBMC were
labelled with CFSE and cultured
together with MoDCs at a ratio of
10:1 (PBMC:MoDC). Where
- - indicated 5 ug/ml goat anti-human
sCD40L/PGE , sCD40L/PGE , OX40L neutralizing antibody or
normal goat IgG were added. After
six (A, B) or 12 (C, D) days of
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PGE;-matured MoDCs induce expression of OX40L, OX40 and CD70in T cells

Co-stimulatory molecules are involved in contacts between T cells. It has been previously
reported that the expression of OX40L by activated CD4" T cells can provide a signal
through OX40 on adjacent T cells sustaining cell survival by T cell-T cell contacts. We
therefore measured the expression of OX40L and OX40 on CD4" T cells after two and six
days of co-culture of PBMCs and autologous antigen-pulsed MoDCs, that had been
previously matured using sCD40L in the absence or presence of PGE,. Already after two
days but more profoundly after six days of culture a greater percentage of CD4" T cells
expressed OX40L when stimulated with PGE,-matured MoDCs compared to those cultured
with MoDCs matured in the absence of PGE; (Figure 6A, B). OX40 is induced in CD4" T cells
after activation (Croft 2003 review) and its expression is necessary for T cells to become
susceptible to OX40L-mediated survival signals. As shown in Figure 6C, MoDCs pulsed with
TT and matured in the presence of PGE, induced high numbers of OX40-expressing CD4" T
cells after six days. In addition, significantly more T cells reacting to the primary antigen KLH
expressed OX40, when the antigen was presented by MoDCs matured in the presence of
PGE, (Figure 6D). Since the expression of CD70 can be induced on T cells after TCR

engagement, we determined the surface expression level of CD70 on CD4" and CD8" T cells
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after six days of stimulation by TT-pulsed (Figure 6E) or KLH-pulsed (Figure 6F) MoDCs
matured in the absence or presence of PGE,. MoDCs matured in the presence of PGE,

promoted CD70 expression in a substantial percentage of CD4" as well as CD8" T cells.
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Figure 6. Induction of OX40L, OX40 and CD70 expression on T cells is enhanced by MoDCs matured in
the presence of PGE,. MoDCs were mature with sCD40L in the absence or presence of PGEy, pulsed with TT
(A, C, E) or KLH (B, D, F) and cultured together with autologous unlabeled PBMCs. After 6 days expression of
OX40L (A, B), OX40 (C, D) and CD70 (E, F) was analyzed on CD3'CD4" or CD3'CD8" T cells by flow
cytometry. (A-D) One representative experiment on day six is shown in dot plots, while diagrams display means
and SEM for at least five independent experiments with different donors. (E, F) Means and SEM of at least four
independent experiments are presented. * p<0.05, ** p<0.01

To dissect the relation between proliferation and expression of co-stimulatory molecules on
CD4" T cells, we co-cultured TT-pulsed MoDCs matured in the absence or presence of PGE,

with PBMCs, which were labeled with the fluorescent tracer Cell Trace Far Red. After six
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days of stimulation the expression of OX40L and CD70 were analyzed on proliferated (Cell
Trace Far Red °) and non-proliferated (Cell Trace Far Red ") CD4" T cells. Most dividing
CD4" T cells did not express OX40L (Figure 7); hence the higher percentage of CD4" T cells
expressing OX40L induced by PGE,-MoDCs (Figure 6A) can not be attributed to the greater
number of divided T cells. Expression of OX40L was also induced in a small proportion of
non-dividing CD4" T cells (Figure 7). CD70 expressing CD4" T cells were detected among
the non-proliferated as well as the proliferated population. Additionally there was a population

of dividing T cells, which did not express CD70.

048 | 0.82 0.31 1.88
sCD40L Figure 7. PGE,-matured MoDCs induce OX40L and
CD70 expression in non-proliferating as well as
proliferating T cells. PBMCs were labeled with Cell

s | | Trace Far Red and co-cultured for 6 days with
. J‘:“‘ e autologous MoDCs that were matured with sCD40L in
T —— the absence or presence of PGE; and pulsed with TT. T
sCD40L cell proliferation and surface expression of OX40L and

PGE2 CD70 were analyzed by flow cytometry. Gates were set

B, on CD3'CD4" T cells and Cell Trace Far Red is
presented on the x axes. One representative experiment
out of three is shown.

In summary, PGE>-matured MoDCs are superior to those matured in the absence of PGE; in
inducing surface expression of the co-stimulatory molecules OX40L and CD70 in T cells.
Although the mechanism by which this is achieved remains unclear, the emerging T cell
population might gain the competency to provide survival signals through T cell-T cell contact

when expression of co-stimulatory ligands on APCs has diminished.

Discussion

The exceptional ability of dendritic cells to induce antigen-specific immune responses has
brought them into the focus of cell-based immunotherapy of malignant and infectious
diseases. Since human DCs are hard to purify in sufficient numbers, MoDC are used as the
source of DCs in most clinical studies. Large numbers of monocytes can be isolated from
peripheral blood of patients and differentiated in vitro under serum-free conditions into
immature MoDCs, which are competent to take up and process antigens. The pulsing with
tumor-antigen and the induction of maturation results in antigen-presenting DCs, which can
potently activate tumor antigen-specific immune responses. We and others have shown
previously, that PGE; is required during maturation to allow MoDCs to develop a migratory
phenotype. The presence of PGE; in the initial phase of maturation is essential to promote
migration towards the lymph node-derived chemokines CCL21 and CXCL12 (Legler 2006).
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Interestingly, PGE, has also an effect on the T cell stimulatory properties of MoDCs, as
allogenic T cell proliferation is enhanced in MLR (mixed lymphocyte reaction) when MoDCs
were matured in the presence of PGE, (Scandella 2002, Krause 2007). Here we provide
evidence, that PGE,-matured MoDCs have an increased potential to induce antigen-specific
T cell proliferation via enhanced expression of co-stimulatory molecules of the TNF
superfamily. The expression of OX40L on mature DCs promotes the functionality and
survival of OX40-bearing CD4" T cells at the end of the primary immune response
(Gramaglia 1998, Rogers 2001). Because signals for prolonged T cell survival are delivered
through OX40, consequently a greater number of memory T cells can develop. The lack of
OX40L expression on mature DCs leaves mice unable to mount a specific cellular anti-tumor
response (Zaini 2007). Conversely, transfection of murine DCs with mRNA encoding OX40L
augmented the induction of an anti-tumor response (Danull 2005). Induction of rather weak
OX40L expression on human MoDCs has been described after TNF-a and CD40L
stimulation (Ohshima 1997). In this study, we identify PGE, as a key factor for expression of
OX40L and CD70 on the surface of mature MoDCs (Figure 2). In the presence of PGE,,
OX40L and CD70 are both expressed independently of the provided maturation stimulus
(Figure 3A, B). The enhanced proliferation of antigen-specific T cells induced by MoDCs
matured in the presence of PGE; could be partially reversed by antibody-mediated blockage
of Ox40L (Figure 4, 5). Hence, PGE,-induced OX40L on mature MoDCs plays a role in the
enhanced T cell stimulatory capacity of PGE,-matured MoDCs. By blocking OX40L we
observed not only inhibition of CD4" T cell proliferation but also a strong reduction of CD8" T
cell expansion (Figure 4B, D, 5B, D) even though OX40 is primarily described to affect CD4"
T cell expansion. However, we could detect expression of OX40 on 2-15% of CD8" T cells
after 6 days of co-culture with PGE,-matured MoDCs, while OX40 expression was mostly
absent when MoDCs were matured in the absence of PGE, (data not shown). The inhibitory
effect of OX40L-blockage on CD8" T cell proliferation is nevertheless more likely to be
indirect, since CD4" T cells can modulate CD8" T cell responses through multiple
mechanisms including cytokine production and supply of co-stimulatory signals.
Consequently, the block of OX40 signals in our system inhibited CD4" T cells, which in turn
could not provide sufficient help for CD8" T cell expansion. Although OX40 signaling can co-
stimulate CD8" T cells, the signal is weaker than that delivered by 4-1BB (Taraban 2002). In
the observed enhanced ability of PGE,-matured MoDCs to stimulate CD8" T cell responses,
4-1BBL:4-1BB interaction could play a role. We found 4-1BBL mRNA to be induced on
mature MoDCs generated in the presence of PGE, (Figure 2A). Expression of CD70 on
activated DCs contributes to the expansion of CD8" T cells and leads to the generation of
functional CD8" memory T cells even in the absence of CD4" T cells (Bullock 2005). In fact,

binding of CD70 to its receptor, CD27, promotes survival of activated T cells, rather than
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augmenting cell cycle progression (Hintzen 1995, Hendriks 2003). Taraban et al. showed a
complete abrogation of CD8" T cell proliferation in the absence of CD70 (Taraban 2004).
Recently, it has been reported that despite the expression of CD70 on different cells types,
CD70 on DCs is essential for the priming of CD8" T cells by pathogens in vivo (Schildknecht
2007). The finding, that antigen-induced expansion of CD8" T cells is dependent on CD70
expression by DCs, highlights the importance of our results. In human MoDCs the
expression of CD70 is dependent on the presence of PGE, during maturation (Figure 3B).
Additionally, we found that PGE,-matured MoDCs induced CD70 expression on CD4" and
CD8" T cells (Figure 6E, F). This CD70 expression was not limited to proliferating T cells but
could also be measured on non-proliferating T cells (Figure 7). Interactions of T cells
mediated by CD70 and CD27 can occur after T cell priming relatively early during the
immune response (Lens 1997), and the CD70-mediated stimulation of CD27 has been
shown to play a critical role not only in T cell activation but also in T cell-dependent
modulation of B cell functions (reviewed in Borst 2005). Similar to CD70, OX40L expression
was induced on CD4" T cells which were stimulated with MoDCs matured in the presence of
PGE; (Figure 6A, B). OX40L expressed on T cells has previously been shown to provide a
potent co-stimulatory signal, which augmented CD4" T cell proliferation and sustained CD4"
T cell longevity (Mendel 2006, Soroosh 2006). The contact between OX40L-expressing T
cells and adjacent OX40" T cells was suggested to occur in T cell zones of lymph nodes or
spleen when expression of OX40L on APC had diminished (Mendel 2006). Therefore it is
possible that the induction of OX40L and CD70 on T cells, which is induced by PGE,-
matured MoDCs, ensures maintenance of survival signals through T cell-T cell contact that
can sustain and enhance an antigen-specific immune responses.

Interactions of co-stimulatory molecules between APC and T cell or between T cells may
provide signals for differentiation into a specific T cell subset or survival of certain T cell
populations (Borst 2005). The nature of cytokines produced during differentiation of T cells
strongly influences the outcome of a T cell-mediated immune response. The production of
IFN-y by CD4" T cells characterizes them as Th1 cells which play a major role in the defence
against intracellular pathogens (Weaver 2007) and tumors (Shankaran 2001). In contrast,
CD4" T cells which produce IL-4, IL-5 and IL-13 are termed Th2 cells and mediate immunity
against helminth infection. The expression of OX40L and CD70 on DCs and T cells has been
reported to modulate the Th1/Th2 differentiation of CD4" T cells. For example, a recent study
identified CD70 as the crucial factor on a murine CD205" DCs subset which induced Th1
CD4" T cells in vivo independently of IL-12 (Soares 2007). There are controversial data
regarding the effect of OX40 engagement on T cell differentiation. Several studies reported
that signaling through OX40 enhanced IL-4 production of T cells resulting in the development
of Th2 effector cells (Ohshima 1998, Flynn 1998, Mendel 2006). In contrast, OX40L:0X40
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interactions were shown to be involved in the generation of Th1 responses in disease models
like inflammatory bowel disease and experimental allergic encephalomyelitis (Higgins 1999,
Weinberg 1999). Moreover, engagement of OX40L provides a signal to APCs leading to
enhanced IL-12 production by DCs (Ohshima 1997) which would also favour Th1
differentiation. Along these lines, MoDCs matured in the presence of PGE; have been shown
to induce differentiation of Th1 cytokine producing CD4" T cells (Rubio 2005). Nevertheless,
interactions of OX40L and OX40 might not directly bias T cell differentiation towards Th1, but
rather mediate survival of activated T cells, which then differentiate according to the balance
of a variety of available mediators.

An anti-tumor immune response is usually weaker than a response to foreign pathogens due
to the lack of danger signals. Moreover, the tumor environment can be immunosuppressive
resulting in antigen-specific tolerization of T cells. Stimulation of OX40 has been reported to
restore antigen-specific proliferation and cytokine production of anergic CD4" T cell,
suggesting that OX40 signals can reverse established tolerance. In line with this finding
OX40 signaling has been shown to enhance anti-tumor immune responses leading to tumor
rejection in a variety of tumor models (Weinberg 2000, Pan 2003, Morris 2001). Breaking
tumor-specific tolerance is crucial for any immunotherapeutic strategy; therefore the
expression of OX40L on DCs could be of essential relevance in DC-based immunotherapy.
Overcoming tolerance is not the only challenge immunotherapy is facing. The presence and
induction of regulatory T cells present another problem. Even in this case the expression of
OX40L on MoDCs is of high importance, since OX40 stimulation on T cells leads not only to
high frequencies of antigen-specific effector and memory T cells, but also opposes regulatory
T cell (T reg)-mediated suppression (Takeda 2004). When exposed to OX40L-bearing cells,
CD25CD4" T cells became insusceptible to Treg-mediated suppression (Takeda 2004). In
more recent studies OX40 was identified to provide a negative signal for Foxp3 expression.
Consequently, OX40 co-stimulation promoted the generation of effector T cells while
inhibiting the formation of Foxp3® Tregs (So 2007, Vu 2007). In addition, OX40 signals
abrogated suppressor functions of natural Foxp3® Tregs (Vu 2007). Besides their role in the
initiation of an adaptive immune response, DCs also play a role in the innate immune
system. A recent study described the anti-tumor activity of NKT cells to be dependent on the
expression of OX40L on DCs (Zaini 2007).

Taken together it seems to be clear, that signals induced by co-stimulatory molecules like
OX40L and CD70 have beneficial effects on immunotherapeutic outcomes by facilitating
protective effector and memory T cell responses, breaking of existing tolerance and
preventing suppressor activity of Tregs. For this reason, the PGE,-dependent expression of
OX40L and CD70 on mature human MoDCs that we describe in this study is a new

parameter that will help to further optimize DC-based immunotherapy.
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Materials and Methods

Generation of monocyte-derived dendritic cells (MoDCs)

Human monocytes were positively selected from whole blood of healthy donors as previously
described (Scandella 2002). Briefly, peripheral blood mononuclear cells (PBMC) were
isolated by density gradient centrifugation on Ficoll Paque Plus (Amersham Biosciences,
Uppsala Sweden), and CD14" monocytes were further purified using anti-CD14 conjugated
microbeads (Miltenyi Biotec, Bergisch-Gladbach, Germany). Monocytes were cultured at
1x10° cells/ml in AIM-V medium (Gibco, Paisley, UK) supplemented with 50 ng/ml GM-CSF
(Leukomax®, Novatis, Basel, Switzerland) and IL-4 (1:50 supernatant of an IL-4 producing
J558 cell line). After 5-6 days, immature DCs were harvested and matured for 2 days by
addition of 0.5 pg/ml trimeric soluble CD40L (sCD40L, PromoCell; Heidelberg, Germany), 20
pug/ml poly I:C (Sigma, Saint Louis, MO), 10 ug/ml LPS (Salmonella abortus equi; Sigma) or a
combination of 20 ng/ml TNF-a,, 10 ng/ml IL-1B and 20 ng/ml IL-6 (all from PromoCell).
Maturation occurred in the absence or presence of 1 pg/ml PGE, (Minprostin® E2,
Pharmacia, Uppsala, Sweden). For antigen loading 10 ug/ml KLH (Sigma) or 10 pg/ml TT

(Berna Biotech AG, Berne, Switzerland) were added during maturation.

Co-cultures and T cell proliferation assay

PBMCs were isolated from peripheral blood by density gradient centrifugation and labeled
with the fluorescent cell tracers CFSE (Molecular Probes, Eugene, OR) or Cell Trace Far
Red (Molecular Probes) according to the manufacturer’s protocol. Previously prepared 1x10°
MoDCs were cultured together with 1x10° PBMCs in 1 ml AIM-V. Where indicated graded
amounts of a goat anti-human OX40L neutralizing antibody (R&D Systems, Minneapolis MN)
or normal goat IgG (R&D Systems) were added. After 6 or 12 days of culture T cell
proliferation was assessed by dye dilution due to cell division using flow cytometry (BD
LSRII, BD Biosciences).

Flow cytometry

Cell surface expression of co-stimulatory molecules on MoDCs was analyzed using anti-
CD83-PE, anti-CD80-PE, anti-CD86-PE, anti-OX40L-PE, anti-CD70-PE and IgG-PE isotype
control antibodies (all purchased from BD Pharmingen, San Diego, CA). T cell proliferation
was assessed by CFSE dilution assays of cells stained with anti-CD3-APC-Cy7, anti-CD4-
PE-Cy7, anti-CD8-APC (all BD Pharmingen). Dead cells were excluded by Sytox Blue
staining (Molecular Probes). For analysis of proliferation and surface expression of T cells
labeled with Cell Trace Far Red T cells were stained with anti-CD4-PacificOrange (Caltag,
Carlsbad, CA) and anti-OX40L-PE or anti-CD70-PE. In cultures with non-labeled PBMCs
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surface expression of co-stimulatory molecules on T cells was stained using anti-CD3-APC-
Cy7, CD4-PE-Cy7, CD8-PacificBlue in combination with either anti-OX40L-PE and anti-
OX40-FITC or anti-CD70-PE (all purchased from BD Pharmingen).

Quantitative real-time PCR

For quantification of mMRNA expression levels of TNFSF4, TNFSF7 and TNFSF9, total RNA
was isolated from MoDCs matured with sCD40L in the absence or presence of PGE; using
the RNeasy mini kit (Qiagen, Hilden, Germany). Using random hexamer primers, total RNA
was transcribed into cDNA with the Tagman® reverse transcription reagent (Applied
Biosystems, Rotkreuz, Switzerland) according to the manufacture’s instructions.
Amplification of TNFSF4, TNFSF7 and TNFSF9 mRNA was preformed using the QuantiTect
SYBR Green PCR Master Mix (Qiagen) and the Tagman 7700 (Applied Biosystems). PCR
program contained an initial denaturation step at 95°C for 15 min followed by 40 cycles of 15
sec at 94°C, 30 sec at 60°C and 30 sec at 72°C. Forward and reverse primers were used at
200 nM each and sequences were as follows: TNFSF4 5'-
CACCTACATCTGCCTGCACTTCT, 5-GTTGTTCTGCACCTTCATGATTTC; TNFSF7: 5'-
CCTCGTGGTGTGCATCCA, 5-ATGCCATCACGATGGATACGTA; TNFSF9: 5'-
GAGCTTTCGCCCGACGAT, 5-GCAGCTCTAGTTGAAAGAAGACATAGTAGA. Expression
of MRNA was normalized to R-2 microglobulin (R2M) and ubiquitin C (UBC) using SYBR
Green PCR Master Mix (Applied Biosystems) containing 200 nM forward and reverse primer
(B2M: 5-GCTATCCAGCGTACTCCAAAGATTC and 5-CAACTTCAATGTCGGATGGATGA;
UBC: 5-ATTTGGGTCGCGGTTCTTG and 5-TGCCTTGACATTCTCGATGGT). Relative

mRNA expression was calculated with the AACt-method.

Statistical evaluation

Differences between groups were assessed by the student’s paired t test.
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General discussion

The immune system can not only fight foreign pathogens that invade the body, but can also
fight malignant changes of body cells which give rise to tumors. Evidence that the immune
system can recognize and react to cancer comes from multiple observations like the
increased incidence of tumors in immunodeficient patients or mice and the immune-mediated
rejection of experimental tumors (Palucka 2007). Since dendritic cells (DCs) are most
effective in the induction and regulation of immune responses, they present an interesting
target for cellular immunotherapy. The manipulation of DCs to induce an effective and long-
time protective anti-tumor response is a promising therapeutic strategy, because of the
natural capacity of DCs to induce adaptive immune responses including long-lasting
memory, and to break established peripheral tolerance. In experimental tumor models, DCs
loaded with tumor antigens can induce protective immune response (Grabbe 1995). In
human, large amounts of DCs can be generated ex vivo by differentiation from monocytes.
Therefore, monocytes are isolated from peripheral blood of patients, and cultured in medium
containing IL-4 and GM-CSF to differentiate into immature DC. Ex vivo generation of DCs
allows manipulation and characterization of a uniform cell population, which can be pulsed
with tumor-antigen and administered back to the patient to induce anti-tumor immunity. As
immature DC are ineffective to facilitate effective immune responses (Dhodapkar 2002,
Dhodapkar 2001, Hawiger 2001) and promote induction of peripheral tolerance, it is
necessary to provide activation signals resulting in mature DCs with the potential to stimulate
adaptive immune responses. Migration of mature DCs from the periphery into secondary
lymphoid organs is a crucial process for the transport of antigen and initiation of immune
responses. The capacity to migrate is therefore essential for DCs intended for vaccination
purposes. In early studies, ex vivo generated DCs could not leave the injection side and
failed to enter draining lymph nodes (Morse 1999a). Mature DCs up-regulate CCR7
expression, the chemokine receptor that guides migration to secondary lymphoid organs.
However, CCR7 surface expression is not sufficient for migration. The presence of the lipid
mediator prostaglandin E, (PGE;) positively renders the responsiveness of DCs to CCR7
mediated signals allowing efficient migration (Scandella 2002, Luft 2002). For vaccination,
DCs are most commonly matured using a combination of pro-inflammatory cytokines and
PGE; (Jonuleit 1997, Lee 2002). To characterize the role of PGE; in the maturation process
of DCs we conducted several studies providing new insights into modulation of DC functions.
When we analyzed migratory behaviour of mature MoDCs, we found that the presence of
PGE, is a general prerequisite for migration (Chapter 2). The requirement of PGE, for

migratory responsiveness of mature DCs is not limited to migration via CCRY7, but extends to
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migration via CXCR4 and C5aR. Therefore, it is tempting to speculate that the induction of
homing potential of maturing DCs to lymph nodes is controlled by cells of the innate immune
system, which produce PGE; in inflammatory situations at the site of infection. PGE;, could
be considered as a control factor of DC migration. During the initial phase high amounts of
PGE2 are found at the site of infection allowing DCs to leave the periphery and migrate to
the draining lymph nodes. Once an adaptive immune response is induced and the infection
can be cleared, production of PGE; at sites of infection ceases, and migration of additional
maturing DCs is paused to prevent continuous T cell priming in draining lymph nodes. The
finding that endogenously produced PGE, by DCs is not sufficient to facilitate migration
(Chapter 2) could support the theory of innate immune cells controlling migratory responses
of maturing DCs by supply of PGE..

Immature DCs do not require PGE,-mediated signals for migration towards pro-inflammatory
chemokines (Chen 2004). However, under steady state conditions, immature Langerhans
cells have been reported to migrate into cutaneous lymph nodes, but migration is slow and
less efficient compared to mature DCs (van den Broek 2007). Langerhans cells adhere to
surrounding keratinocytes through the adhesion molecule E-cadherin. Immature DCs can up-
regulate CCR7 expression in response to disruption of E-cadherin-mediated interactions,
which results in mature DCs that do not induce effector functions, but rather promote T cell
tolerance (Jiang 2007). DC migration towards lymph node-derived chemokines could be
generally controlled by PGE; to limit excessive migration of immature peripheral DCs, which
induce tolerance.

In the attempt to identify the mechanism by which PGE, facilitates migratory capacities of
mature DCs, we identified Sprouty2 and Spred1 to be negatively regulated by PGE; in
mature MoDCs (Chapter 3). For the first time, we show expression of Sprouty2 and Spred1
in DCs, and their potential contribution to chemokine receptor signaling regulation. The
inhibitory effect of PGE, on Sprouty2 and Spred1 expression correlates with the enhanced
migratory potential of MoDCs matured in the presence of PGE,. In over-expression studies
we identified a potential mechanism by which Sprouty2 could contribute to regulation of
CXCR4-mediated signaling. As Sprouty2 and Spred1 have never before been implied in
chemokine receptor signaling, further studies will be required to characterize their function.
However, Sprouty2 could regulate CXCR4-mediated migration of DCs by inhibition of
p130Cas (Figure 1). Therefore, Sprouty2 and Spred1 could present new targets to modulate

and interfere with chemokine receptor signaling.
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Figure 1. Potential contribution of
Sprouty?2 in CXCR4-mediated
signaling. CXCR4 signaling is mediated
via heterotrimeric G proteins. After
CXCL12 binding the Ga subunit
dissociates from the GRy complex. The
active Gai subunit induces a signaling
cascade that leads to phosphorylation of
p130Cas (Crk-associated substrate).
Phosphorylated p130Cas promotes cell
migration as a critical component of the
focal adhesion complex. p130Cas is
dephosphorylated and thereby
inactivated by protein tyronsine
phosphatase 1B (PTP1B). The activity of
PTP1B can be enhanced by Sprouty?2.
Sprouty2 can therefore mediate its anti-
migratory  effects by  augmenting
inactivation of p130Cas. As PGE;-
mediated signals down-regulate
Sprouty2 expression in mature MoDCs,
we propose that the lower expression of
Sprouty2 in PGEz-matured MoDCs
contributes to their enhanced migratory

N capacities. Conversely, low migratory

l responsiveness of MoDCs matured in
v..~_@'_)_, Sprouty?2 the absence of PGE; could be attributed

cell migration to high expression levels of Sprouty?2.

(graphic designed by Karin Schauble)

Besides induction of a migratory phenotype, we identified additional effects of PGE, that
could be beneficial for the maturation of MoDCs generated for vaccination purposes. Most
prominently, we found the PGE,-dependent induction of OX40L and CD70 on mature MoDCs
(Chapter 6). From the same family, we also found 4-1BBL to be inducible by PGE,, although
protein expression could not be addressed due to poor antibody quality. All three molecules
belong to the TNF superfamily, and play a role in T cell survival and memory T cell
generation. MoDCs matured in the presence of PGE; initiated enhanced T cell proliferation,
despite expression of IDO (Chapter 5). To prove a contribution of OX40L, CD70 and 4-1BBL
in the elevated T cell stimulatory capacity of PGE,-matured MoDCs, we cloned and produced
soluble Fc-fusion proteins of OX40, CD27 and 4-1BB, which however had no inhibitory effect
on T cell proliferation. Since only for OX40L a neutralizing antibody was commercially
available, we could investigate solely the role of PGEx-induced OX40L expression. The
PGE,-mediated enhanced T cell stimulatory capacity of mature MoDCs could be inhibited by
OX40L blockage. As the effect of OX40L blockage was only partially, the elevated levels of
CD70 and 4-1BBL expression on PGE;-matured MoDCs could also contribute to the
enhanced T cell stimulation. The expression of co-stimulatory molecules of the TNF
superfamily by DCs are important for DC-based immunotherapies, highlighted by a study, in
which murine DCs transfected with OX40L showed improved anti-tumor immunity (Danull
2005). OX40L, CD70 and 4-1BBL are essential signals for generation of memory T cells due

to their role in maintenance of T cell survival. Vaccination against tumors relies on the
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DISCUSSION

induction of both tumor-specific effectors and memory T cells. As other immunotherapeutic
approaches like antibody therapy or adoptive T cell transfer are unlikely to produce T cell
memory, the potential of DCs to do so clearly favours them as targets for immunotherapy
(Palucka 2007). The PGE,-induced expression of co-stimulatory molecules of the TNF family
on mature MoDCs should improve tumor-specific memory T cell development. The induction
of OX40L in particular could provide an additional beneficial feature of PGE,-matured
MoDCs, as signals provided by OX40L negatively regulate Tregs .

Although we established PGE, as a factor that in combination with different maturation
stimuli induces phenotypic mature MoDCs with the ability to migrate and the enhanced ability
to stimulate T cells, this stimulation might however not lead to IL-12 production (Luft 2002,
Kalinski 1997), which is important for Th1 differentiation. It has been tried to improve
maturation of MoDCs to generate a mature DC phenotype with strong migratory properties
and the ability to produce high levels of Th1 cytokines. Addition of IFN-y to induce IL-12
production by DCs was attempted, but resulted in decreased CCR7 expression and inhibited
CCRY7-mediated migration (Alder 2006 Vaccine 24:7087-94). Although these results showed
no beneficial effect of IFN-y addition on DC phenotype, they have interesting implications,
since IFN-y which is produced in large amounts in the course of an efficient Th1 response
could act as a negative feedback factor for DCs migration into draining lymph nodes.

An alternative maturation cocktail consisting of IFN-a, poly I:C, TNF-a, IL-1% and IFN-y has
been shown to produce mature MoDCs with the ability to migrate and produce high levels of
IL-12 (Mailliard 2004). Although, migratory responses after CCR7 stimulation were
attenuated in these cells compared to MoDCs matured by a cytokine cocktail containing
PGE,, migration could still be sufficient. Thus, this alternative maturation cocktail could be
used for generation of DCs for vaccination protocols. Clinical trials are necessary to
determine anti-tumor inducing efficiency of DCs matured with this new approach. Since we
identified PGE, as a key factor for induction of OX40L and CD70 on mature MoDCs, the
addition of PGE, to this new cocktail could achieve even better results. It has to be tested, if
PGE, would limit IL-12 production under those conditions. The design of a combination of
stimuli that results in optimal DC maturation is still a challenge for the future. The use of
PGE, for DC maturation could be of further advantage, as PGE, has been implied in the
increase of apoptosis resistance in human DCs by induction of survivin expression (Baratelli
2005). A prolonged survival of tumor antigen-bearing DCs could enhance priming of specific
T cells. MoDCs that are generated in the presence of IL-4 do not express endogenous PGE,
(Chapter 2) due to the inhibitory effect of IL-4 on COX-2 expression. This lack might have
positive influence on stimulation of T cells, since PGE; has been reported to suppress T cell
proliferation (Goodwin 1977, Goodwin 1989).
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DISCUSSION

Early clinical studies established the feasibility and safety of DC vaccination; however, DC-
based vaccination trials have not been overwhelmingly successful (Soruri 2005). No
evidence was presented so far that DC-based immunotherapy provides superior protective
immunity in cancer patients compared to other vaccination strategies. In most studies, only a
small fraction of patients show immune responses against the vaccinated antigen, which
most often fail to correlate with clinical responses (Gilboa 2007, Palucka 2007). Vaccination
of melanoma patients with DC matured with cytokines and PGE, showed no improved
responses compared to standard dacarbazine chemotherapy (Schadendorf 2006). However,
since DC vaccination has been shown to work in principle (Schuler 2003), it is now the task
to refine and improve the multiple steps that are involved in the process of DC preparation for
vaccination such as the type of DCs and their activation, the type and formulation of antigen,
the cell number, frequency and way of injection, or combination with other strategies like
cytostatic drugs (Palucka 2007, Gilboa 2007).
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Summary

This thesis summarizes a series of studies aiming to characterize multiple effects of the
prostanoid prostaglandin E, (PGE;) on dendritic cell function. Monocyte-derived dendritic
cells (MoDCs) are most commonly used in dendritic cell (DC)-based vaccination protocols
against cancer. In the procedure to generate highly immunogenic DCs that are capable of
eliciting effective anti-tumor immune responses DCs are matured by stimulation with
inflammatory mediators. Among those, PGE;, has been described as a modulator of immune
cell functions. Several effects of PGE, on DC functions, which have implications for the use
of DCs in immunotherapeutic approaches, have been identified in this thesis.

The results obtained in this study establish PGE, as the key factor to induce a migratory
phenotype of mature human DCs. The presence of PGE, during maturation of DCs is a
general prerequisite for chemotactic responsiveness that is not restricted to migration
mediated by one specific receptor. The requirement of PGE,-provided signals for a migratory
phenotype also applies to blood myeloid DC, and is therefore not a unique feature of MoDCs.
Endogenous production of PGE, by mature MoDCs can not promote migration. In mice, the
PGE, receptor EP4 has been identified to mediate signals critical for Langerhans cell
migration from the periphery into draining lymph nodes (Kabashima 2003). Data obtained in
this study clearly demonstrate an important difference between mice and humans in this
respect, as in human MoDCs PGE; facilitates enhanced migratory responsiveness through
the PGE, receptors EP2 and EP4, a finding with important implications for proposed
approaches for DC therapy improvement involving specific EP receptor targeting.

To determine the mechanism by which PGE, induces migratory responsiveness in mature
MoDCs a global gene expression analysis was performed with MoDCs matured in the
absence or presence of PGE,. With this approach, Sprouty2 and Spredl were identified for
the first time to be expressed in human DCs. The PGE,-mediated enhanced migratory
phenotype of mature MoDCs could be correlated with PGEj-induced down-regulation of
Sprouty2 and Spredl expression. Over-expression studies revealed a role for Sprouty2 and
Spredl in chemokine receptor-mediated signaling, which has not been described before.

A member of the regulator of G protein signaling (RGS9) protein family, namely RGS9, was
found for the first time to play a role in DC functions. RGS9 mRNA was induced by PGE; in
mature MoDCs, and experiments in vivo using RGS9-deficient mice revealed strong defects
in DC migration and induction of a specific immune response.

Although PGE,-mature MoDCs produce active indoleamine 2,3-dioxygenase, which
contributes to inhibition of T cell proliferation due to depletion of tryptophan, T cell stimulatory

capacities of PGE,-mature MoDCs are enhanced. T cells activated by MoDCs matured in the
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SUMMARY

presence of PGE, express elevated levels of tryptophanyl-tRNA-synthetase (TTS), which
could protect T cells from tryptophan deprivation by IDO.

MoDCs matured in the presence of PGE, possess an enhanced capacity to stimulate
allogenic and antigen-specific T cell responses. This ability could by linked to PGE,-induced
expression of OX40L, CD70 and 4-1BBL on mature MoDCs, co-stimulatory molecules
promoting survival of T cells and generation of memory T cells.

This thesis provides new insides into the regulation of DCs functions by the lipid mediator
PGE, representing a link between innate and adaptive immunity. The new parameters
described herein might help to further optimize maturation procedures in DC-based
immunotherapies. Additionally, the identification of new regulatory mechanisms of chemokine
receptor signaling could present interesting targets for intervention of chemokine receptor-

mediated processes.
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Zusammenfassung

Die vorliegende Arbeit umfasst eine Reihe von Studien zur Charakterisierung der vielfaltigen
Effekte von Prostaglandin E, (PGE,) auf Funktionen dendritischer Zellen (DCs). DCs, die aus
Monozyten differenziert werden kénnen (MoDCs), werden haufig fir Vakzinierungsstrategien
gegen Krebs verwendet. Um fir diesen Zweck DCs mit grossem immunogenen Potential zu
generieren, welche in der Lage sind Immunantworten gegen Tumore auszulésen, werden
DCs mit inflammatorischen Substanzen stimuliert. Zu diesen Substanzen zahlt auch PGE,,
welches modulatorischen Einfluss auf Funktionen von Immunzellen austbt. In dieser Arbeit
wurden verschiedenste Effekte von PGE, auf Funktionen humaner dendritischer Zellen
identifiziert und  charakterisiert. Diese  koénnen fur die  Optimierung von
Vakzinierungsstrategien mit DCs hilfreich sein.

Die Ergebnisse dieser Arbeit charakterisieren PGE; als Schlusselfaktor wahrend der Reifung
von DCs fur die Ausbildung eines migrationsfahigen Phanotyps. Dabei ist die Anwesenheit
von PGE, wahrend der Reifung fiur die Wanderung Uber verschiedene Rezeptoren
notwendig. Die Notwendigkeit von PGE, fiur die Ausbildung eines wanderungsfahigen
Phéanotyps ist keine spezielle Eigenschaft von MoDCs, sondern scheint generelle Gultigkeit
fur myeloide dendritische Zellen zu besitzen. PGE,, welches von reifen DCs endogen
produziert wird, ist nicht in der Lage Migrationsfahigkeit zu induzieren. Im murinen System
konnte gezeigt werden, dass uber den PGE, Rezeptor EP4 ein kritisches Signal fir die
Wanderung von Langerhans Zellen aus der Peripherie in sekundéare lymphatische Organe
vermittelt wird (Kabashima 2003). Daten der vorliegenden Arbeit zeigen diesbezlglich einen
klaren Unterschied zum menschlichen System, da PGE,-vermittelte Signale, die die
Fahigkeit zur Wanderung auslésen, sowohl Uber EP2 als auch tUber EP4 Ubertragen werden
konnten. Da die Verwendung von PGE, Rezeptoragonisten fir die klinische Verwendung
vorgeschlagen wurde, ist dieser Befund von therapeutischer Bedeutung.

Um den Mechanismus zu identifizieren, Gber welchen PGE, die Fahigkeit von DCs zur
Wanderung auslost, wurde eine Genexpressionsanalyse mit MoDCs, die in der Anwesenheit
oder Abwesenheit von PGE, gereift wurden, durchgefihrt. Dabei wurden Sprouty2 und
Spredl, deren Expression bis dahin in DCs unbekannt war, als Ziel fir PGE,-gesteuerte
Genregulation identifiziert. Es konnte gezeigt werden, dass die Expression von Sprouty2 und
Spredl wahrend der Reifung durch die Anwesenheit von PGE, stark inhibiert wird; ein Effekt
der mit verbesserter Wanderung korrelierbar ist. Mit Hilfe kiinstlicher Uberexpression von
Sprouty2 und Spredl konnte zum ersten Mal eine Beteiligung dieser Proteine an der
Regulierung von Chemokinrezeptor-vermittelten Signalen gezeigt werden.

Ebenfalls zu ersten Mal in humanen DCs, konnte RGS9, ein Mitglied der Familie der RGS

(regulator of G protein signaling) Proteine, beschrieben werden. Die Expression von RGS9
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ZUSAMMENFASSUNG

MRNA wurde durch PGE; wahrend der Reifung von MoDCs induziert. In vivo Experimente
mit RGS9-defizienten Mausen deuten auf eine Beteiligung von RGS9 in migratorischen
Prozessen von DCs hin, da RGS9” DCs stark beeintrachtigt waren in angrenzende
Lymphknoten zu wandern. Dies ging mit der Induktion einer abgeschwachten
antigenspezifischen Immunantwort einher.

Die Anwesenheit von PGE, wahrend der Reifung von MoDCs induziert die Produktion des
Enzyms Indolamin 2,3-dioxygenase (IDO), welches an der Einddmmung von exzessiver T
Zellproliferation durch Depletion von Tryptophan beteiligt ist. Obwohl PGE,-gereifte MoDCs
IDO produzieren, sind sie in der Lage verstarkte T Zellteilung auszulésen. Ein moglicher
Schutzmechanismus von T Zellen, die durch PGE,-gereifte MoDCs stimuliert wurden, konnte
ermittelt werden. Solche T Zellen produzieren verstarkt TTS (Trytophanyl-tRNA-Synthetase),
welche sie vor Tryptophandepletion schiitzt.

MoDCs, die in der Gegenwart von PGE, gereift wurden, zeigen eine verbesserte Fahigkeit
zur Stimulation allogener und antigenspezifischer T Zellproliferation. Diese Féhigkeit konnte
der durch PGE,-induzierten Expression von OX40L, CD70 und 4-1BBL zugeschrieben
werden. Diese drei Molekile gehéren zur TNF-Familie und fordern das Uberleben von T
Zellen und die Generierung von Memory T Zellen.

Diese Arbeit beschreibt neue Erkenntnisse Uber die Regulation von DC Funktionen durch
PGE,, welches eine Verbingung zwischen angeborener und adaptiver Immunitat darstellt.
Die Ergebnisse dieser Arbeit kbnnen helfen Protokolle zur Krebsvakzinierung mit DCs zu
optimieren. Desweiteren, wurde ein neuer regulatorischer Mechanismus fur
Chemokinrezeptor-vermittelte Signale entdeckt, der ein interessantes Ziel fur therapeutische

Interventionen in Chemokin-vermittelten Prozessen sein kdnnte.

112



References

Agenés F, Bosco N, Mascarell L, Fritah S, Ceredig R 2005 Differential expression of regulator of G-protein
signalling transcripts and in vivo migration of CD4+ naive and regulatory T cells. Immunology 115:179-188

Alder J, Hahn-Zoric M, Andersson BA, Karlsson-Parra A 2006 Interferon-gamma dose-dependently inhibits
prostaglandin E2-mediated dendritic-cell-migration towards secondary lymphoid organ chemokines. Vaccine
24:7087-94

Allen SJ, Crown SE, Handel TM. 2007 Chemokine: receptor structure, interactions, and antagonism. Annu Rev
Immunol 25:787-820

Anderson GR, Semenov A, Song JH, Martemyanov KA 2007 The membrane anchor R7BP controls the
proteolytic stability of the striatal specific RGS protein, RGS9-2. J Biol Chem 282(7):4772-81

Arai H, Tsou CL, Charo IF 1997 Chemotaxis in a lymphocyte cell line transfected with C-C chemokine receptor
2B: evidence that directed migration is mediated by betagamma dimers released by activation of Galphai-coupled
receptors. Proc Natl Acad Sci U S A 94:14495-14499

Ardavin C, Martinez del Hoyo G, Martin P, Anjuere F, Arias CF, Marin AR, Ruiz S, Parrillas V, Hernandez H 2001
Origin and differentiation of dendritic cells. Trends Immunol 22:691-700

Arens R, Tesselaar K, Baars PA, van Schijndel GM, Hendriks J, Pals ST, Krimpenfort P, Borst J, van Oers MH,
van Lier RA 2001 Constitutive CD27/CD70 interaction induces expansion of effector-type T cells and results in
IFNgamma-mediated B cell depletion. Immunity 15:801-812

Arshavsky VY, Pugh EN 1998 Lifetime regulation of G protein effector complex: emerging importance of RGS
proteins. Neuron 20:11-14

Arshavsky VY, Lamb TD, Pugh EN Jr 2002 G proteins and phototransduction. Annu Rev Physiol 64:153-187
Balabanian K, Lagane B, Pablos JL, Laurent L, Planchenault T, Verola O, Lebbe C, Kerob D, Dupuy A, Hermine
O, Nicolas JF, Latger-Cannard V, Bensoussan D, Bordigoni P, Baleux F, Le Deist F, Virelizier JL, Arenzana-
Seisdedos F, Bachelerie F 2005 WHIM syndromes with different genetic anomalies are accounted for by impaired
CXCR4 desensitization to CXCL12. Blood 105:2449-2457

Banchereau J, Steinman RM 1998 Dendritic cells and the control of immunity. Nature 392:245-252

Banchereau, J, Briere F, Caux C, Davoust J, Lebecque S, Liu YJ, Pulendran B, Palucka K 2000 Immunobiology
of dendritic cells. Annu Rev Immunol 18:767-811

Banchereau J, Palucka AK, Dhodapkar M, Burkeholder S, Taquet N, Rolland A, Taquet S, Coquery S,
Wittkowski KM, Bhardwaj N, Pineiro L, Steinman R, Fay J 2001 Immune and clinical responses in patients with
metastatic melanoma to CD34(+) progenitor-derived dendritic cell vaccine. Cancer Res 61:6451-6458

Banchereau J, Palucka AK 2005 Dendritic cells as therapeutic vaccines against cancer. Nat Rev Immunol 5:296-
306

Baratelli FE, Heuzé-Vourc'h N, Krysan K, Dohadwala M, Riedl K, Sharma S, Dubinett SM 2004 Prostaglandin
E2-dependent enhancement of tissue inhibitors of metalloproteinases-1 production limits dendritic cell migration
through extracellular matrix.J Immunol 173(9):5458-5466

Baratelli F, Krysan K, Heuzé-Vourc'h N, Zhu L, Escuadro B, Sharma S, Reckamp K, Dohadwala M, Dubinett SM
2005 PGEZ2 confers survivin-dependent apoptosis resistance in human monocyte-derived dendritic cells. J Leukoc
Biol 78:555-65

Berman DM, Gilman AG 1998 Mammalian RGS proteins: barbarians at the gate. J Biol Chem 273:1269-1272

Berzofsky JA, Terabe M, Oh S, Belyakov IM, Ahlers JD, Janik JE, Morris JC 2004 Progress on new vaccine
strategies for the immunotherapy and prevention of cancer. J Clin Invest 113:1515-1525

Blattman JN, Greenberg PD 2004 Cancer immunotherapy: a treatment for the masses Science 305:200-205

Bleul CC, Schultze JL, Springer TA 1998 B lymphocyte chemotaxis regulated in association with microanatomic
localization, differentiation state, and B cell receptor engagement. J Exp Med 187:753-762

113


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Alder%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Hahn-Zoric%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Andersson%20BA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Karlsson-Parra%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/pubmed/17291188?ordinalpos=4&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/17158100?ordinalpos=7&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Banchereau%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Palucka%20AK%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Dhodapkar%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Burkeholder%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Taquet%20N%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Rolland%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Taquet%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Coquery%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Wittkowski%20KM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Bhardwaj%20N%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Pineiro%20L%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Steinman%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Fay%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Blattman%20JN%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1

REFERENCES

Blundell J, Hoang CV, Potts B, Gold SJ, Powell CM 2008 Motor coordination deficits in mice lacking RGS9. Brain
Res 1190:78-85

Boasso A, Herbeuval JP, Hardy AW, Winkler C, Shearer GM 2005 Regulation of indoleamine 2,3-dioxygenase
and tryptophanyl-tRNA-synthetase by CTLA-4-Fc in human CD4+ T cells. Blood 105:1574-81

Bonifaz L, Bonnyay D, Mahnke K, Rivera M, Nussenzweig MC, Steinman RM 2002 Efficient targeting of protein
antigen to the dendritic cell receptor DEC-205 in the steady state leads to antigen presentation on major
histocompatibility complex class | products and peripheral CD8+ T cell tolerance. J Exp Med 196:1627-1638

Borst J, Hendriks J, Xiao Y 2005 CD27 and CD70 in T cell and B cell activation. Curr Opin Immunol 17:275-281

Bouhamdan M, Yan HD, Yan XH, Bannon MJ, Andrade R 2006 Brain-specific regulator of G-protein signaling 9-
2 selectively interacts with alpha-actinin-2 to regulate calcium-dependent inactivation of NMDA receptors. J
Neurosci 26(9):2522-2530

Bowman MR, Crimmins MA, Yetz-Aldape J, Kriz R, Kelleher K, Herrmann S 1994 The cloning of CD70 and its
identification as the ligand for CD27. J Immunol 152:1756-61

Bowman EP, Campbell JJ, Druey KM, Scheschonka A, Kehrl JH, Butcher EC 1998 Regulation of chemotactic
and proadhesive responses to chemoattractant receptors by RGS (regulator of G-protein signaling) family
members. J Biol Chem 273:28040-28048

Braun D, Longman RS, Albert ML 2005 A two step induction of indoleamine 2,3 dioxygenase (IDO) activity during
dendritic cell maturation. Blood 106:2375-81

Brocker T, Gulbranson-Judge A, Flynn S, Riedinger M, Raykundalia C, Lane P 1999 CD4 T cell traffic control: in
vivo evidence that ligation of OX40 on CD4 T cells by OX40-ligand expressed on dendritic cells leads to the
accumulation of CD4 T cells in B follicles. Eur J Immunol 29:1610-1616

Bromley SK, laboni A, Davis SJ, Whitty A, Green JM., Shaw AS, Weiss A, Dustin ML 2001 The immunological
synapse and CD28-CD80 interactions. Nat Immunol 2:1159-1166

Bruch RC, Medler KF 1996 A regulator of G-protein signaling in olfactory receptor neurons. Neuroreport 7:2941-
2944

Bullock TN, Yagita H 2005 Induction of CD70 on dendritic cells through CD40 or TLR stimulation contributes to
the development of CD8+ T cell responses in the absence of CD4+ T cells. J Immunol 174:710-717

Bundschu K, Knobeloch KP, Ullrich M, Schinke T, Amling M, Engelhardt CM, Renné T, Walter U, Schuh K 2005
Gene disruption of Spred-2 causes dwarfism. J Biol Chem 280:28572-80

Cabrita MA, Christofori G 2003 Sprouty proteins: antagonists of endothelial cell signaling and more. Thromb
Haemostasis 90:586-590

Cary LA, Han DC, Polte TR, Hanks SK, Guan JL 1998 Identification of p130Cas as a mediator of focal adhesion
kinase-promoted cell migration. J Cell Biol 140:211-221

Casci T, Vino6s J, Freeman M 1999 Sprouty, an intracellular inhibitor of Ras signaling. Cell 96:655-665

Caux C, Massacrier C, Vanbervliet B, Dubois B, Van Kooten C, Durand |, Banchereau J 1994 Activation of
human dendritic cells through CD40 cross-linking. J Exp Med 180:1263-1272

Cella M, Scheidegger D, Palmer-Lehmann K, Lane P, Lanzavecchia A, Alber G 1996 Ligation of CD40 on
dendritic cells triggers production of high levels of interleukin-12 and enhances T cell stimulatory capacity: T-T
help via APC activation. J Exp Med 184:747-752

Cella M, Engering A, Pinet V, Pieters J, Lanzavecchia A 1997 Inflammatory stimuli induce accumulation of MHC
class Il complexes on dendritic cells.Nature 388:782-787

Chandramouli S, Yu CY, Yusoff P, Lao DH, Leong HF, Mizuno K, Guy GR 2007 Tesk1 interacts with Spry2 to
abrogate its inhibition of ERK phosphorylation downstream of receptor tyrosine kinase signaling. J Biol Chem
2008 283:1679-91

Chen Al, McAdam AJ, Buhimann JE, Scott S, Lupher ML Jr, Greenfield EA, Baum PR, Fanslow WC, Calderhead

DM, Freeman GJ, Sharpe AH 1999 Ox40-ligand has a critical costimulatory role in dendritic cell:T cell
interactions. Immunity 11:689-698

114



REFERENCES

Chen CK, Burns ME, He W, Wensel TG, Baylor DA, Simon MI 2000 Slowed recovery of rod photoresponse in
mice lacking the GTPase accelerating protein RGS9-1. Nature 403:557-560

Chen CK, Eversole-Cire P, Zhang H, Mancino V, Chen YJ, He W, Wensel TG, Simon MI 2003 Instability of GGL
domain-containing RGS proteins in mice lacking the G protein beta-subunit Gbeta5. Proc Natl Acad Sci USA
100:6604-6609

Chen T, Guo J, Yang M, Han C, Zhang M, Chen W, Liu Q, Wang J, Cao X 2004 Cyclosporin A impairs dendritic
cell migration by regulating chemokine receptor expression and inhibiting cyclooxygenase-2 expression. Blood
103:413-421

Cerundolo, V, Hermans, |.F, Salio, M. 2004. Dendritic cells: a journey from laboratory to clinic. Nat Immunol 5:7-
10.

Chan, V. W., S. Kothakota, M. C. Rohan, L. Panganiban-Lustan, J. P. Gardner, M. S. Wachowicz, J. A. Winter,
and L. T. Williams. 1999. Secondary lymphoid-tissue chemokine (SLC) is chemotactic for mature dendritic cells.
Blood 93:3610-3616.

Chomarat P, Banchereau J 1998. Interleukin-4 and interleukin-13: their similarities and discrepancies. Int Rev
Immunol 17:1-52

Christofori G 2003 Split personalities: the agonistic antagonist Sprouty. Nat Cell Biol 5:377-379

Coleman RA, Smith WL, Narumiya S 1994 International Union of Pharmacology classification of prostanoid
receptors: properties, distribution, and structure of the receptors and their subtypes. Pharmacol Rev 46:205-229

Coleman RA, Eglen RM, Jones RL, Narumiya S, Shimizu T, Smith WL, Dahlén SE, Drazen JM, Gardiner PJ,
Jackson WT, et al. 1995 Prostanoid and leukotriene receptors: a progress report from the IUPHAR working
parties on classification and nomenclature.Adv Prostaglandin Thromboxane Leukot Res 23:283-285

Cowan CW, Fariss RN, Sokal |, Palczewski K, Wensel TG 1998 High expression levels in cones of RGS9, the
predominant GTPase accelerating protein of rods. Proc Natl Acad Sci USA 95:535-5356

Cowan CW, He W, Wensel TG 2000 RGS proteins: lessons from the RGS9 subfamily. Prog Nucleic Acids Res
Mol Biol 65:341-359

D’Amico A, Wu L 2003 The early progenitors of mouse dendritic cells and plasmacytoid predendritic cells are
within the bone marrow hemopoietic precursors expressing Fit3. J Exp Med 198:293-303

Dannull J, Nair S, Su Z, Boczkowski D, DeBeck C, Yang B, Gilboa E, Vieweg J 2005 Enhancing the
immunostimulatory function of dendritic cells by transfection with mRNA encoding OX40 ligand. Blood 105:3206-
3213

DaSilva J, Xu L, Kim HJ, Miller WT, Bar-Sagi D 2006 Regulation of sprouty stability by Mnk1-dependent
phosphorylation. Mol Cell Biol 26:1898-1907

Davis RJ 2000 Signal transduction by the JNK group of MAP kinases. Cell 103:239-252

Davis ID, Jefford M, Parente P, Cebon J 2003 Rational approaches to human cancer immunotherapy. J Leukoc
Biol 73:3-29

De Vries L, Elenko E, Hubler L, Jones TL, Farquhar, MG 1996 GAIP is membrane-anchored by palmitoylation
and interacts with the activated (GTP-bound) form of Gai subunits. Proc Natl Acad Sci USA 93:15203-15208

De Vries L, Gist Farquhar M 1999 RGS proteins: more than just GAPs for heterotrimeric G proteins. Trends Cell
Biol 9:138-144

De Vries L, Zheng B, Fischer T, Elenko E, Farquhar MG 2000. The regulator of G protein signaling family. Annu
Rev Pharmacol Toxicol 40:235-271

Dhodapkar MV, Steinman RM, Sapp M, Desai H, Fossella C, Krasovsky J, Donahoe SM, Dunbar PR, Cerundolo
V, Nixon DF, Bhardwaj N 1999 Rapid generation of broad T-cell immunity in humans after a single injection of
mature dendritic cells. J Clin Invest 104:173-180

Dhodapkar MV, Steinman RM, Krasovsky J, Munz C, Bhardwaj N 2001 Antigen-specific inhibition of effector T
cell function in humans after injection of immature dendritic cells. J Exp Med 193:233-238

Dhodapkar MV, Steinman RM 2002 Antigen-bearing immature dendritic cells induce peptide-specific CD8(+)
regulatory T cells in vivo in humans. Blood 100:174-177

115



REFERENCES

Dieu MC, Vanbervliet B, Vicari A, Bridon JM, Oldham E, Ait-Yahia S, Briere F, Zlotnik A, Lebecque S, Caux C
1998 Selective recruitment of immature and mature dendritic cells by distinct chemokines expressed in different
anatomic sites. J Exp Med 188:373-386

Dikic I, Giordano S 2003 Negative receptor signalling. Curr Opin Cell Biol 15:128-135

Dohlman HG, Song J, Ma D, Courchesne WE, Thorner J 1996 Sst2, a negative regulator of pheromone signaling
in the yeast Saccharomyces cerevisiae: expression, localization, and genetic interaction and physical association
with Gpa1 (the G-protein alpha subunit). Mol Cell Biol 16:5194-5209

Dohlman HG, Thorner J 1997 RGS proteins and signaling by heterotrimeric G proteins. J Biol Chem 272:3871—
3874

Drenan RM, Doupnik CA, Boyle MP, Muglia LJ, Huettner JE, Linder ME, Blumer KJ 2005 Palmitoylation regulates
plasma membrane-nuclear shuttling of R7BP, a novel membrane anchor for the RGS7 family. J Cell Biol 169:623-
633

Edwin F, Singh R, Endersby R, Baker SJ, Patel TB 2006 The tumor suppressor PTEN is necessary for human
Sprouty 2-mediated inhibition of cell proliferation. J Biol Chem 281:4816-4822

Egan JE, Hall AB, Yatsula BA, Bar-Sagi D 2002 The bimodal regulation of epidermal growth factor signaling by
human Sprouty proteins. Proc Natl Acad Sci USA 99:6041-6046

Endo T, Ogushi F, Kawano T, Sone S 1998 Comparison of the regulations by Th2-type cytokines of the
arachidonic-acid metabolic pathway in human alveolar macrophages and monocytes. Am J Respir Cell Mol Biol
19:300-307

Engelhardt CM, Bundschu K, Messerschmitt M, Renné T, Walter U, Reinhard M, Schuh K 2004 Expression and
subcellular localization of Spred proteins in mouse and human tissues. Histochem Cell Biol 122:527-538

Estes JD, Thacker TC, Hampton DL, Kell SA, Keele BF, Palenske EA, Druey KM, Burton GF 2004 Follicular
dendritic cell regulation of CXCR4-mediated germinal center CD4 T cell migration. J Immunol 173:6169-6178

Evel-Kabler K, Chen SY 2006 Dendritic cell-based tumor vaccines and antigen presentation attenuators. Mol
Ther 13:850-8

Fallarino F, Grohmann U, Hwang KW, Orabona C, Vacca C, Bianchi R, Belladonna ML, Fioretti MC, Alegre ML,
Puccetti P 2003 Modulation of tryptophan catabolism by regulatory T cells. Nat Immunol 4:1206-1212

Fernandez, NC, Lozier A, Flament C, Ricciardi-Castagnoli P, Bellet D, Suter M, Perricaudet M, Tursz T,
Maraskovsky E, Zitvogel, L 1999 Dendritic cells directly trigger NK cell functions: crossiitalk relevant in innate
antilJtumor immune responses in vivo. Nat Med 5:405-411

Figdor CG, De Vries |J, Lesterhuis WJ, Melief CJ 2004 Dendritic cell immunotherapy: mapping the way. Nat Med
10:475-480

Filion F, Bouchard N, Goff AK, Lussier JG, Sirois J 2001 Molecular cloning and induction of bovine prostaglandin
E synthase by gonadotropins in ovarian follicles prior to ovulation in vivo. J Biol Chem 276:34323-34330

Fleckner J, Martensen PM, Tolstrup AB, Kjeldgaard NO, Justesen J 1995 Differential regulation of the human,
interferon inducible tryptophanyl-tRNA synthetase by various cytokines in cell lines. Cytokine 7:70-7

Flynn S, Toellner KM, Raykundalia C, Goodall M, Lane P 1998 CD4 T cell cytokine differentiation: the B cell
activation molecule, OX40 ligand, instructs CD4 T cells to express interleukin 4 and upregulates expression of the
chemokine receptor, Bir-1. J Exp Med 188:297-304

Fong L, Engleman EG 2000 Dendritic cells in cancer immunotherapy. Annu Rev Immunol 18:245-273
Fong L, Hou Y, Rivas A, Benike C, Yuen A, Fisher GA, Davis MM, Engleman EG 2001a Altered peptide ligand
vaccination with FIt3 ligand expanded dendritic cells for tumor immunotherapy. Proc Natl Acad Sci U S A

98:8809-8814

Fong L, Brockstedt D, Benike C, Wu L, Engleman EG 2001b Dendritic cells injected via different routes induce
immunity in cancer patients. J Immunol 166:4254-4259

Fong CW, Leong HF, Wong ES, Lim J, Yusoff P, Guy GR 2003 Tyrosine phosphorylation of Sprouty2 enhances
its interaction with c-Cbl and is crucial for its function. J Biol Chem 278:33456-33464

116



REFERENCES

Fonteneau JF, Gilliet M, Larsson M, Dasilva |, Minz C, Liu YJ, Bhardwaj N 2003 Activation of influenza virus-
specific CD4+ and CD8+ T cells: a new role for plasmacytoid dendritic cells in adaptive immunity. Blood
101:3520-3526

Forster R, Schubel A, Breitfeld D, Kremmer E, Renner-Muller |, Wolf E, Lipp M 1999 CCR7 coordinates the
primary immune response by establishing functional microenvironments in secondary lymphoid organs. Cell
99:23-33

Foti M, Granucci F, Aggujaro D, Liboi E, Luini W, Minardi S, Mantovani A, Sozzani S, Ricciardi-Castagnoli P 1999
Upon dendritic cell (DC) activation chemokines and chemokine receptor expression are rapidly regulated for
recruitment and maintenance of DC at the inflammatory site. Int Immunol 11:979-986

Frumento G, Rotondo R, Tonetti M, Damonte G, Benatti U, Ferrara GB 2002 Tryptophan-derived catabolites are

responsible for inhibition of T and natural killer cell proliferation induced by indoleamine 2,3-dioxygenase. J Exp
Med 196:459-68

Funk CD 2001 Prostaglandins and leukotrienes: advances in eicosanoid biology. Science 294:1871-1875

Garzén J, Rodriguez-Diaz M, Loépez-Fando A, Sanchez-Blazquez P 2001 RGS9 proteins facilitate acute
tolerance to mu-opioid effects. Eur J Neurosci 13(4):801-811

Gavin MA, Clarke SR, Negrou E, Gallegos A, Rudensky A 2002 Homeostasis and anergy of CD4(+)CD25(+)
suppressor T cells in vivo. Nat Immunol 2:33-41

Gett AV, Sallusto F, Lanzavecchia A, Geginat J 2003 T cell fithess determined by signal strength. Nat Immunol
4:355-360

Gilboa E 2007 DC-based cancer vaccines. J Clin Invest 117:1195-1203

Ginhoux F, Tacke F, Angeli V, Bogunovic M, Loubeau M, Dai XM, Stanley ER, Randolph GJ, Merad M 2006
Langerhans cells arise from monocytes in vivo. Nat Immunol 7:265-73

Goodwin JS, Bankhurst AD, Messner RP 1977 Suppression of human T-cell mitogenesis by prostaglandin.
Existence of a prostaglandin-producing suppressor cell. J Exp Med 146:1719-1734

Goodwin JS 1989 Immunomodulation by eicosanoids and anti-inflammatory drugs. Curr Opin Immunol 2:264-268

Grabbe S, Beissert S, Schwarz T, Granstein RD 1995 Dendritic cells as initiators of tumor immune responses: a
possible strategy for tumor immunotherapy? Immunology Today 16:117-121

Grakoui A, Bromley SK, Sumen C, Davis MM, Shaw AS, Allen PM, Dustin, ML 1999 The immunological synapse:
a molecular machine controlling T-cell activation. Science 285:221-227

Gramaglia |, Weinberg AD, Lemon M, Croft M 1998 Ox-40 ligand: a potent costimulatory molecule for sustaining
primary CD4 T cell responses. J Immunol 161:6510-6517

Gramaglia |, Jember A, Pippig SD, Weinberg AD, Killeen N, Croft M 2000 The OX40 costimulatory receptor
determines the development of CD4 memory by regulating primary clonal expansion. J Immunol 165:3043-3050

Granneman JG, Zhai Y, Zhu Z, Bannon MJ, Burchett SA, Schmidt CJ, Andrade R, Cooper R 1998 Molecular
characterization of human and rat RGS 9L, a novel splice variant enriched in dopamine target regions, and
chromosomal localization of the RGS 9 gene. Mol Pharmacol 54:687- 694

Grillet N, Pattyn A, Contet C, Kieffer BL, Goridis C, Brunet JF 2005 Generation and characterization of Rgs4
mutant mice. Mol Cell Biol 25:4221-4228

Grohmann U, Fallarino F, Puccetti P 2003 Tolerance, DCs and tryptophan: much ado about IDO. Trends
Immunol 24:242-8

Gualde N, Harizi H 2004 Prostanoids and their receptors that modulate dendritic cell-mediated immunity.
Immunol Cell Biol 82:353-360

Guermonprez P, Valladeau J, Zitvogel L, Théry C, Amigorena S 2002 Antigen presentation and T cell stimulation
by dendritic cells. Annu Rev Immunol 20:621-67

Gunn MD, Kyuwa S, Tam C, Kakiuchi T, Matsuzawa A, Williams LT, Nakano H 1999 Mice lacking expression of

secondary lymphoid organ chemokine have defects in lymphocyte homing and dendritic cell localization. J Exp
Med 189:451-460

117


http://www.ncbi.nlm.nih.gov/pubmed/11861614?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum

REFERENCES

Gunn MD 2003 Chemokine mediated control of dendritic cell migration and function. Semin Immunol 15:271-276

Guy GR, Wong ES, Yusoff P, Chandramouli S, Lo TL, Lim J, Fong CW 2003 Sprouty: how does the branch
manager work? J Cell Sci 116:3061-3068

Hacohen N, Kramer S, Sutherland D, Hiromi Y, Krasnow MA 1998 sprouty encodes a novel antagonist of FGF
signaling that patterns apical branching of the Drosophila airways. Cell 92:253-263

Han SB, Moratz C, Huang NN, Kelsall B, Cho H, Shi CS, Schwartz O, Kehrl JH 2005 Rgs1 and Gnai2 regulate
the entrance of B lymphocytes into lymph nodes and B cell motility within lymph node follicles. Immunity 22:343-
354

Han JI, Huang NN, Kim DU, Kehrl JH 2006RGS1 and RGS13 mRNA silencing in a human B lymphoma line
enhances responsiveness to chemoattractants and impairs desensitization. J Leukoc Biol 79(6):1357-68

Hanafusa H, Torii S, Yasunaga T, Nishida E 2002 Sprouty1 and Sprouty2 provide a control mechanism for the
Ras/MAPK signalling pathway. Nat Cell Biol 4:850-858

Harizi H, Grosset C, Gualde N 2003 Prostaglandin E>, modulates dendritic cell function via EP2 and EP4 receptor
subtypes. J Leukoc Biol 73:756-63

Harizi H, Gulade N 2004 Inhibition of IL-6, TNF-a, and cyclooxygenase-2 protein expression by prostaglandin E2-
induced IL-10 in bone marrow-derived dendritic cells. Cell Immunol 228:99-109

Harizi H, Gualde N 2005 The impact of eicosanoids on the crosstalk between innate and adaptive immunity: the
key roles of dendritic cells. Tissue Antigens 65:507-514

Harris SG, Padilla J, Koumas L, Ray D, Phipps RP 2002 Prostaglandins as modulators of immunity. Trends
Immunol 23:144-150

Hawiger D, Inaba K, Dorsett Y, Guo M, Mahnke K, Rivera M, Ravetch JV, Steinman RM, Nussenzweig MC 2001
Dendritic cells induce peripheral T cell unresponsiveness under steady state conditions in vivo. J Exp Med
194:769-780

He W, Cowan CW, Wensel TG 1998 RGS9, a GTPase accelerator for phototransduction. Neuron 20:95-102

Hendriks J, Xiao Y, Borst J 2003 CD27 promotes survival of activated T cells and complements CD28 in
generation and establishment of the effector T cell pool. J Exp Med 198:1369-1380

Hendriks J, Xiao Y, Rossen JW, van der Sluijs KF, Sugamura K, Ishii N, Borst J 2005 During viral infection of the
respiratory tract, CD27, 4-1BB, and OX40 collectively determine formation of CD8+ memory T cells and their
capacity for secondary expansion. J Immunol 175:1665-1676

Hepler JR, Gilman AG 1992 G proteins. Trends Biochem Sci 17:383-387

Higgins LM, McDonald SA, Whittle N, Crockett N, Shields JG, MacDonald TT 1999 Regulation of T cell activation
in vitro and in vivo by targeting the OX40-OX40 ligand interaction: amelioration of ongoing inflammatory bowel
disease with an OX40-IgG fusion protein, but not with an OX40 ligand-IgG fusion protein. J Immunol 162:486-93

Hintzen RQ, Lens SM, Lammers K, Kuiper H, Beckmann MP, van Lier RA 1995 Engagement of CD27 with its
ligand CD70 provides a second signal for T cell activation. J Immunol 154:2612-2623

Hollinger S, Hepler JR 2002 Cellular regulation of RGS proteins: modulators and integrators of G protein
signaling. Pharmacol Rev 54:527-59

Hsu FJ, Benike C, Fagnoni F, Liles TM, Czerwinski D, Taidi B, Engleman EG, Levy R 1996 Vaccination of
patients with B-cell ymphoma using autologous antigen-pulsed dendritic cells. Nat Med 2:52-8

Hu G, Wensel TG 2002 R9AP, a membrane anchor for the photoreceptor GTPase accelerating protein, RGS9-1.
Proc Natl Acad Sci U S A 99:9755-9760

Hu G, Zhang Z, Wensel TG 2003 Activation of RGS9-1GTPase acceleration by its membrane anchor, R9AP. J
Biol Chem 278:14550-14554

Hugues S, Fetler L, Bonifaz L, Helft J, Amblard F, Amigorena S 2004 Distinct T-cell dynamics in lymph nodes
during the induction of tolerance and immunity. Nat Immunol 5:1235-1242

Hunter T 2000 Signaling - 2000 and beyond. Cell 100:113-127.

118



REFERENCES

Hwang SL, Chung NP, Chan JK, Lin CL 2005 Indoleamine 2, 3-dioxygenase (IDO) is essential for dendritic cell
activation and chemotactic responsiveness to chemokines. Cell Res 15:167-75

Hwu P, Du MX, Lapointe R, Do M, Taylor MW, Young HA 2000 Indoleamine 2,3-dioxygenase production by
human dendritic cells results in the inhibition of T cell proliferation. J Immunol 164:3596-9

Ichikawa A, Sugimoto Y, Negishi M 1996 Molecular aspects of the structures and functions of the prostaglandin E
receptors. J Lipid Mediat Cell Signal 14:83-87

Impagnatiello MA, Weitzer S, Gannon G, Compagni A, Cotten M, Christofori G 2001 Mammalian sprouty-1 and -
2 are membrane-anchored phosphoprotein inhibitors of growth factor signaling in endothelial cells. J Cell Biol
152:1087-1098

Inoue H, Kato R, Fukuyama S, Nonami A, Taniguchi K, Matsumoto K, Nakano T, Tsuda M, Matsumura M, Kubo
M, Ishikawa F, Moon BG, Takatsu K, Nakanishi Y, Yoshimura A 2005 Spred-1 negatively regulates allergen-
induced airway eosinophilia and hyperresponsiveness. J Exp Med 201:73-82

Jarvis LA, Toering SJ, Simon MA, Krasnow MA, Smith-Bolton RK 2006 Sprouty proteins are in vivo targets of
Corkscrew/SHP-2 tyrosine phosphatases. Development 133:1133-1142

Jiang W, Swiggard WJ, Heufler C, Peng M, Mirza A, Steinman RM, Nussenzweig MC 1995 The receptor DEC-
205 expressed by dendritic cells and thymic epithelial cells is involved in antigen processing. Nature 375:151-155

Jiang A, Bloom O, Ono S, Cui W, Unternaehrer J, Jiang S, Whitney JA, Connolly J, Banchereau J, Mellman |
2007 Disruption of E-cadherin-mediated adhesion induces a functionally distinct pathway of dendritic cell
maturation. Immunity 27:610-624

Jing H, Vassiliou E, Ganea D 2003 Prostaglandin E2 inhibits production of the inflammatory chemokines CCL3
and CCL4 in dendritic cells. J Leukoc Biol 74:868-879

Jing H, Yen JH, Ganea D 2004 A novel signaling pathway mediates the inhibition of CCL3/4 expression by
prostaglandin E2. J Biol Chem 279:55176-86

Jefford M, Schnurr M, Toy T, Masterman KA, Shin A, Beecroft T, Tai TY, Shortman K, Shackleton M, Davis ID,
Parente P, Luft T, Chen W, Cebon J, Maraskovsky E 2003 Functional comparison of DCs generated in vivo with
FIt3 ligand or in vitro from blood monocytes: differential regulation of function by specific classes of physiologic
stimuli. Blood 102:1753-1763

Jones MB, Garrison JC 1999 Instability of the G-protein 5 subunit in detergent. Anal Biochem 268:126-133
Jonuleit H, Kuhn U, Muller G, Steinbrink K, Paragnik L, Schmitt E, Knop J, Enk AH 1997 Pro-inflammatory
cytokines and prostaglandins induce maturation of potent immunostimulatory dendritic cells under fetal calf
serum-free conditions. Eur J Immunol 27:3135-42

Jonuleit H, Schmitt E, Schuler G, Knop J, Enk AH 2000 Induction of interleukin 10-producing, non-proliferating
CD4+ T cells with regulatory properties by repetitive stimulation with allogeneic immature human dendritic cells. J
Exp Med 192:1213-1222

Jonuleit H, Giesecke-Tuettenberg A, Titing T, Thurner-Schuler B, Stuge TB, Paragnik L, Kandemir A, Lee PP,
Schuler G, Knop J, Enk AH 2001 A comparison of two types of dendritic cell as adjuvants for the induction of
melanoma-specific T-cell responses in humans following intranodal injection. Int J Cancer 93:243-251

June CH 2007 Adoptive T cell therapy for cancer in the clinic. J Clin Invest 117:1466-1476

Jung S, Littman DR 1999Chemokine receptors in lymphoid organ homeostasis. Curr Opin Immunol 11:319

Kabashima K, Sakata D, Nagamachi M, Miyachi Y, Inaba K, Narumiya S 2003 Prostaglandin E2-EP4 signaling
initiates skin immune responses by promoting migration and maturation of Langerhans cells. Nat Med 9:744-749

Kabashima K, Shiraishi N, Sugita K, Mori T, Onoue A, Kobayashi M, Sakabe J, Yoshiki R, Tamamura H, Fuijii N,
Inaba K, Tokura Y 2007a CXCL12-CXCR4 engagement is required for migration of cutaneous dendritic cells. Am
J Pathol 171:1249-1257

Kabashima K, Sugita K, Shiraishi N, Tamamura H, Fujii N, Tokura Y 2007b CXCR4 engagement promotes
dendritic cell survival and maturation. Biochem Biophys Res Commun 361:1012-1016

Kadowaki N, Liu YJ 2002 Natural type | interferon-producing cells as a link between innate and adaptive
immunity. Hum Immunol 63:1126-1132

119



REFERENCES

Kalinski P, Hilkens CM, Snijders A, Snijdewint FG, Kapsenberg ML 1997 IL-12-deficient dendritic cells,
generated in the presence of prostaglandin E2, promote type 2 cytokine production in maturing human naive T
helper cells. J Immunol 159(1):28-35

Kalinski P, Schuitemaker JH, Hilkens CM, Kapsenberg ML 1998 Prostaglandin E2 induces the final maturation of
IL-12-deficient CD1a+CD83+ dendritic cells: the levels of IL-12 are determined during the final dendritic cell
maturation and are resistant to further modulation. J Immunol 161:2804-2809

Kalinski P, Vieira PL, Schuitemaker JH, de Jong EC, Kapsenberg ML 2001 Prostaglandin E(2) is a selective
inducer of interleukin-12 p40 (IL-12p40) production and an inhibitor of bioactive IL-12p70 heterodimer. Blood
97:3466-3469

Kampen GT, Stafford S, Adachi T, Jinquan T, Quan S, Grant JA, Skov PS, Poulsen LK, Alam R 2000 Eotaxin
induces degranulation and chemotaxis of eosinophils through the activation of ERK2 and p38 mitogen-activated
protein kinases. Blood 95:1911-1917

Kanekura T, Laulederkind SJ, Kirtikara K, Goorha S, Ballou LR 1998 Cholecalciferol induces prostaglandin E2
biosynthesis and transglutaminase activity in human keratinocytes. J Invest Dermatol 111:634-639

Kapoor M, Kojima F, Yang L, Crofford LJ 2007 Sequential induction of pro- and anti-inflammatory prostaglandins
and peroxisome proliferators-activated receptor-gamma during normal wound healing: a time course study.
Prostanglandins Leukot Essent Fatty Acids 76:103-112

Karin M, Hunter T 1995 Transcriptional control by protein phosphorylation: signal transmission from the cell
surface to the nucleus. Curr Biol 5:747-757

Karsunky H, Merad M, Cozzio A, Weissman IL, Manz MG 2003 FIt3 ligand regulates dendritic cell development
from FIt3+ lymphoid and myeloid-committed progenitors to FIt3+ dendritic cells in vivo. J Exp Med 198:305-313

Kato R, Nonami A, Taketomi T, Wakioka T, Kuroiwa A, Matsuda Y, Yoshimura A 2003 Molecular cloning of
mammalian Spred-3 which suppresses tyrosine kinase-mediated Erk activation. Biochem Biophys Res Commun
302:767-772

Katsuyama M, Nishigaki N, Sugimoto Y, Morimoto K, Negishi M, Narumiya S, Ichikawa A 1995 The mouse
prostaglandin E receptor EP2 subtype: cloning, expression, and northern blot analysis. FEBS Lett 372:151-156

Kehrl JH. 1998 Heterotrimeric G protein signaling: roles in immune function and fine-tuning by RGS proteins.
Immunity 8:1-10

Kehrl JH 2004 G-protein-coupled receptor signaling, RGS proteins, and lymphocyte function. Crit Rev Immunol
24:409-423

Kehrl JH 2006 Chemoattractant receptor signaling and the control of lymphocyte migration. Immunol Res 34:211-
227

Keresztes G, Mutai H, Hibino H, Hudspeth AJ, Heller S 2003 Expression patterns of the RGS9-1 anchoring
protein ROAP in the chicken and mouse suggest multiple roles in the nervous system. Mol Cell Neurosci 24:687-
695

Kerkhoff E, Rapp UR 2001 The Ras-Raf relationship: an unfinished puzzle. Adv Enzyme Regul 41:261-267

Kim HJ, Bar-Sagi D 2004 Modulation of signalling by Sprouty: a developing story. Nat Rev Mol Cell Biol 5:441-
450

Kim HJ, Taylor LJ, Bar-Sagi D 2007 Spatial regulation of EGFR signaling by Sprouty2. Curr Biol 17:455-461
Kirk P, Bazan JF 2005 Pathogen recognition: TLRs throw us a curve. Immunity 23:347-350

Klemke RL, Leng J, Molander R, Brooks PC, Vuori K, Cheresh DA 1998 CAS/Crk coupling serves as a
"molecular switch" for induction of cell migration. J Cell Biol 140:961-972

Koelle M, Horvitz HR 1996 EGL-10 regulates G protein signaling in the C. elegans nervous system and shares a
conserved domain with many mammalian proteins. Cell 84:115-125

Kopf M, Ruedl C, Schmitz N, Gallimore A, Lefrang K, Ecabert B, Odermatt B, Bachmann MF 1999 OX40-

deficient mice are defective in Th cell proliferation but are competent in generating B cell and CTL Responses
after virus infection. Immunity 11:699-708

120



REFERENCES

Kovoor A, Chen CK, He W, Wensel TG, Simon MI, Lester HA 2000 Coexpression of Gbeta5 enhances the
function of two Ggamma subunit-like domain-containing regulators of G protein signaling proteins. J Biol Chem
275:3397-3402

Kramer S, Okabe M, Hacohen N, Krasnow MA, Hiromi Y 1999 Sprouty: a common antagonist of FGF and EGF
signaling pathways in Drosophila. Development 126:2515-2525

Krause P, Singer E, Darley PI, Klebensberger J, Groettrup M, Legler DF 2007 Prostaglandin E2 is a key factor for
monocyte-derived dendritic cell maturation: enhanced T cell stimulatory capacity despite IDO. J Leukoc Biol
82:1106-14

Krispel CM, Chen CK, Simon MI, Burns ME 2003 Prolonged photoresponses and defective adaptation in rods of
Gbeta5-/- mice. J Neurosci 23:6965-6971

Krutzik SR, Sieling PA, Modlin RL 2001 The role of Toll-like receptors in host defense against microbial infection.
Curr Opin Immunol 13:104-108

Kuhnel K, Jarchau T, Wolf E, Schlichting I, Walter U, Wittinghofer A, Strelkov SV 2004 The VASP tetramerization
domain is a right-handed coiled coil based on a 15-residue repeat. Proc Natl Acad Sci U S A 101:17027-32

Kunkel EJ, Butcher EC. 2002 Chemokines and the tissue-specific migration of lymphocytes. Immunity 16:1-4

Kuppner MC, Gastpar R, Gelwer S, Nossner E, Ochmann O, Scharner A, Issels RD 2001 The role of heat shock
protein (hsp70) in dendritic cell maturation: hsp70 induces the maturation of immature dendritic cells but reduces
DC differentiation from monocyte precursors. Eur J Immunol 31:1602-1609

Kurashi Y 1995 G protein regulation of cardiac muscarinic potassium channel. Am J Physiol 269:C821-C830

Kurth |, Willimann K, Schaerli P, Hunziker T, Clark-Lewis I, Moser B 2001 Monocyte selectivity and tissue
localization suggests a role for breast and kidney-expressed chemokine (BRAK) in macrophage development. J
Exp Med 194:855-861

Langenbach R, Loftin CD, Lee C, Tiano H 1999 Cyclooxygenase-deficient mice. A summary of their
characteristics and susceptibilities to inflammation and carcinogenesis. Ann NY Acad Sci 889:52-61

Lanzavecchia, A. 1996. Mechanisms of antigen uptake for presentation. Curr Opin Immunol 8:348-354.

Lao DH, Chandramouli S, Yusoff P, Fong CW, Saw TY, Tai LP, Yu CY, Leong HF, Guy GR 2006 A Src homology
3-binding sequence on the C terminus of Sprouty? is necessary for inhibition of the Ras/ERK pathway
downstream of fibroblast growth factor receptor stimulation. J Biol Chem 281:29993-30000

Lao DH, Yusoff P, Chandramouli S, Philp RJ, Fong CW, Jackson RA, Saw TY, Yu CY, Guy GR 2007 Direct
binding of PP2A to Sprouty2 and phosphorylation changes are a prerequisite for ERK inhibition downstream of
fibroblast growth factor receptor stimulation. J Biol Chem 282: 9117-9126

Laouar A, Haridas V, Vargas D, Zhinan X, Chaplin D, van Lier RA, Manjunath N 2005 CD70+ antigen-presenting
cells control the proliferation and differentiation of T cells in the intestinal mucosa. Nat Immunol 6:698-706

Larminie C, Murdock P, Walhin JP, Duckworth M, Blumer KJ, Scheideler MA, Garnier M. 2004 Selective
expression of regulators of G-protein signaling (RGS) in the human central nervous system. 122(1):24-34

Lee SH, Schloss DJ, Jarvis L, Krasnow MA, Swain JL 2001 Inhibition of angiogenesis by a mouse sprouty
protein. J Biol Chem 276:4128-4133

Lee AW, Truong T, Bickham K, Fonteneau JF, Larsson M, Da Silva |, Somersan S, Thomas EK, Bhardwaj N
2002a A clinical grade cocktail of cytokines and PGE2 results in uniform maturation of human monocyte-derived
dendritic cells: implications for immunotherapy. Vaccine 20(Suppl 4):A8-A22

Lee JJ, Takei M, Hori S, Inoue Y, Harada Y, Tanosaki R, Kanda Y, Kami M, Makimoto A, Mineishi S, Kawai H,
Shimosaka A, Heike Y, lkarashi Y, Wakasugi H, Takaue Y, Hwang TJ, Kim HJ, Kakizoe T 2002b The role of
PGE(2) in the differentiation of dendritic cells: how do dendritic cells influence T-cell polarization and chemokine
receptor expression? Stem Cells 20(5):448-459

Lee CC, Putnam AJ, Miranti CK, Gustafson M, Wang LM, Vande Woude GF, Gao CF 2004 Overexpression of
sprouty 2 inhibits HGF/SF-mediated cell growth, invasion, migration, and cytokinesis. Oncogene 23:5193-5202

Leeksma OC, Van Achterberg TA, Tsumura Y, Toshima J, Eldering E, Kroes WG, Mellink C, Spaargaren M,
Mizuno K, Pannekoek H, de Vries CJ 2002 Human sprouty 4, a new ras antagonist on 5q31, interacts with the
dual specificity kinase TESK1. Eur J Biochem 269:2546-2556

121


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Larminie%20C%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Murdock%20P%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Walhin%20JP%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Duckworth%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Blumer%20KJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Scheideler%20MA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Garnier%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1

REFERENCES

Legler DF, Krause P, Scandella E, Singer E, Groettrup M 2006 Prostaglandin E2 Is Generally Required for
Human Dendritic Cell Migration and Exerts Its Effect via EP2 and EP4 Receptors. J Immunol 176:966-73

Lens SM, Baars PA, Hooibrink B, van Oers MH, van Lier RA 1997 Antigen-presenting cell-derived signals
determine expression levels of CD70 on primed T cells. Immunology 90:38-45

Lenschow DJ, Walunas TL, Bluestone JA 1996 CD28/B7 system of T cell costimulation. Annu Rev Immunol
14:233-258

Lesimple T, Neidhard EM, Vignard V, Lefeuvre C, Adamski H, Labarriere N, Carsin A, Monnier D, Collet B,
Clapisson G, Birebent B, Philip I, Toujas L, Chokri M, Quillien V 2006 Immunologic and clinical effects of injecting
mature peptide-loaded dendritic cells by intralymphatic and intranodal routes in metastatic melanoma patients.
Clin Can Res 12:7380-7388

Levay K, Cabrera JL, Satpaev DK, Slepak VZ 1999 GR5 prevents the RGS7-Ga.o interaction through binding to a
distinct Gy-like domain found in RGS7 and other RGS proteins. Proc Natl Acad Sci USA 96:2503-2507

Lippert E, Yowe DL, Gonzalo JAJustice JP, Webster JM, Fedyk ER, Hodge M, Miller C, Gutierrez-Ramos JC,
Borrego F, Keane-Myers A, Druey KM. 2003 Role of regulator of G protein signaling 16 in inflammation-induced T
lymphocyte migration and activation. J Immunol 171(3):1542-1555

Lim J, Wong ES, Ong SH, Yusoff P, Low BC, Guy GR 2000 Sprouty proteins are targeted to membrane ruffles
upon growth factor receptor tyrosine kinase activation. Identification of a novel translocation domain. J Biol Chem
275:32837-32845

Lim J, Yusoff P, Wong ES, Chandramouli S, Lao DH, Fong CW, Guy GR 2002 The cysteine-rich sprouty
translocation domain targets mitogen-activated protein kinase inhibitory proteins to phosphatidylinositol 4,5-
bisphosphate in plasma membranes. Mol Cell Biol 22:7953-7966

Lishko PV, Martemyanov KA, Hopp JA, Arshavsky VY 2002 Specific binding of RGS9-Gbeta 5L to protein anchor
in photoreceptor membranes greatly enhances its catalytic activity. J Biol Chem 277:24376-24381

Lowy DR, Willumsen BM 1993 Function and regulation of ras. Annu Rev Biochem 62:851-891

Luft T, Jefford M, Luetjens P, Toy T, Hochrein H, Masterman KA, Maliszewski C, Shortman K, Cebon J,
Maraskovsky E 2002 Functionally distinct dendritic cell (DC) populations induced by physiologic stimuli:
prostaglandin E(2) regulates the migratory capacity of specific DC subsets. Blood 100:1362-1372

Luther SA, Tang HL, Hyman PL, Farr AG, Cyster JG 2000 Coexpression of the chemokines ELC and SLC by T
zone stromal cells and deletion of the ELC gene in the plt/plt mouse. Proc Natl Acad Sci U S A 97:12694-12699

Lyubarsky AL, Naarendorp F, Zhang X, Wensel T, Simon MI, Pugh EN Jr. 2001 RGS9-1 is required for normal
inactivation of mouse cone phototransduction. Mol Vis 20(7):71-8

Mailliard RB, Wankowicz-Kalinska A, Cai Q, Wesa A, Hilkens CM, Kapsenberg ML, Kirkwood JM, Storkus WJ,
Kalinski P 2004 alpha-type-1 polarized dendritic cells: a novel immunization tool with optimized CTL-inducing
activity. Cancer Res 64(17):5934-5937

Mailleux AA, Tefft D, Ndiaye D, ltoh N, Thiery JP, Warburton D, Bellusci S 2001 Evidence that SPROUTY2
functions as an inhibitor of mouse embryonic lung growth and morphogenesis. Mech Dev 102:81-94

Makino ER, Handy JW, Li T, Arshavsky VY 1999 The GTPase activating factor for transducin in rod
photoreceptors is the complex between RGS9 and type 5 G protein beta subunit. Proc Natl Acad Sci USA
96:1947-1952

Marinissen MJ, Gutkind JS. 2001 G-protein-coupled receptors and signaling networks: emerging paradigms.
Trends Pharmacol Sci 22:368-376

Martemyanov KA, Lishko PV, Calero N, Keresztes G, Sokolov M, Strissel KJ, Leskov IB, Hopp JA, Kolesnikov
AV, Chen CK, Lem J, Heller S, Burns ME, Arshavsky VY 2003 The DEP domain determines subcellular targeting
of the GTPase activating protein RGS9 in vivo. J Neurosci 23:10175-10181

Martemyanov KA, Yoo PJ, Skiba NP, Arshavsky VY 2005 R7BP, a novel neuronal protein interacting with RGS
proteins of the R7 family. J Biol Chem 280:5133-5136

122


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Justice%20JP%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Webster%20JM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Fedyk%20ER%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Hodge%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Miller%20C%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Gutierrez-Ramos%20JC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Borrego%20F%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Keane-Myers%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Druey%20KM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Lyubarsky%20AL%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Naarendorp%20F%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Zhang%20X%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Wensel%20T%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Simon%20MI%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Pugh%20EN%20Jr%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1

REFERENCES

Martinez N, Garcia-Dominguez CA, Domingo B, Oliva JL, Zarich N, Sanchez A, Gutiérrez-Eisman S, Llopis J,
Rojas JM 2007 Sprouty2 binds Grb2 at two different proline-rich regions, and the mechanism of ERK inhibition is
independent of this interaction. Cell Signal 19:2277-2285

Martin-Fontecha A, Sebastiani S, Hopken UE, Uguccioni M, Lipp M, Lanzavecchia A, Sallusto F 2003 Regulation
of dendritic cell migration to the draining lymph node: impact on T lymphocyte traffic and priming. J Exp Med
198:615-621

Martin-McCaffrey L, Willard FS, Oliveira-dos-Santos AJ, Natale DR, Snow BE, Kimple RJ, Pajak A, Watson AJ,
Dagnino L, Penninger JM, Siderovski DP, D'Souza SJ 2004 RGS14 is a mitotic spindle protein essential from the
first division of the mammalian zygote. Dev Cell 7:763-769

Mason JM, Morrison DJ, Bassit B, Dimri M, Band H, Licht JD, Gross | 2004 Tyrosine phosphorylation of Sprouty
proteins regulates their ability to inhibit growth factor signaling: a dual feedback loop. Mol Biol Cell 15:2176-2188

Mazzoni A, Segal DM 2004 Controlling the Toll road to dendritic cell polarization. J Leukoc Biol 75:721-730

Medzhitov R, Preston-Hurlburt P, Janeway CA Jr 1997 A human homologue of the Drosophila Toll protein
signals activation of adaptive immunity Nature 388:394-397

Mehindate K, al-Daccak R, Aoudjit F, Damdoumi F, Fortier M, Borgeat P, Mourad W 1996 Interleukin-4,
transforming growth factor beta 1, and dexamethasone inhibit superantigen-induced prostaglandin E2-dependent
collagenase gene expression through their action on cyclooxygenase-2 and cytosolic phospholipase A2. Lab
Invest 75:529-538

Mellman |, Steinman RM 2001 Dendritic cells: specialized and regulated antigen processing machines. Cell
106:255-258

Mellor AL, Sivakumar J, Chandler P, Smith K, Molina H, Mao D, Munn DH 2001 Prevention of T cell-driven
complement activation and inflammation by tryptophan catabolism during pregnancy. Nat Immunol 2:64-8

Mellor AL, Munn DH 2004 IDO expression by dendritic cells: tolerance and tryptophan catabolism. Nat Rev
Immunol 4:762-74

Mendel |, Shevach EM 2006 Activated T cells express the OX40 ligand: requirements for induction and
costimulatory function Immunology 117:196-204

Minowada G, Jarvis LA, Chi CL, Neublser A, Sun X, Hacohen N, Krasnow MA, Martin GR 1999 Vertebrate
Sprouty genes are induced by FGF signaling and can cause chondrodysplasia when overexpressed.
Development 126:4465-4475

Miyajima A, Kitamura T, Harada N, Yokota T, Arai K 1992 Cytokine receptors and signal transduction. Annu Rev
Immunol 10:295-331

Moratz C, Kang VH, Druey KM, Shi CS, Scheschonka A, Murphy PM, Kozasa T, Kehrl JH. 2000 Regulator of G
protein signaling 1 (RGS1) markedly impairs Gi alpha signaling responses of B lymphocytes. J Immunol 164:1829

Moratz C, Hayman JR, Gu H, Kehrl JH. 2004a Abnormal B cell responses to chemokines, disturbed plasma cell
localization, and distorted immune tiSSU€ architecture in Rgs1™~ mice. Mol Cell Biol 24:5767-5775

Moratz C, Harrison K, Kehrl JH 2004b Regulation of chemokine-induced lymphocyte migration by RGS
proteins.Methods Enzymol 389:15-32

Morgan RA, Dudley ME, Wunderlich JR, Hughes MS, Yang JC, Sherry RM, Royal RE, Topalian SL, Kammula
US, Restifo NP, Zheng Z, Nahvi A, de Vries CR, Rogers-Freezer LJ, Mavroukakis SA, Rosenberg SA 2006
Cancer regression in patients after transfer of genetically engineered lymphocytes. Science 314:126-129

Morris A, Vetto JT, Ramstad T, Funatake CJ, Choolun E, Entwisle C, Weinberg AD 2001 Induction of anti-
mammary cancer immunity by engaging the OX-40 receptor in vivo. Breast Cancer Res Treat 67:71-80

Morse MA, Coleman RE, Akabani G, Niehaus N, Coleman D, Lyerly HK 1999a Migration of human dendritic cells
after injection in patients with metastatic malignancies. Cancer Res 59:56-58

Morse MA, Lyerly HK, Li Y 1999b The role of IL-13 in the generation of dendritic cells in vitro. J Immunother
22:506-513

123


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Moratz%20C%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Kang%20VH%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Druey%20KM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Shi%20CS%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Scheschonka%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Murphy%20PM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Kozasa%20T%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Kehrl%20JH%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1

REFERENCES

Mullins DW, Sheasley SL, Ream RM, Bullock TN, Fu YX, Engelhard VH 2003 Route of immunization with
peptide-pulsed dendritic cells controls the distribution of memory and effector T cells in lymphoid tissues and
determines the pattern of regional tumor control. J Exp Med 198:1023-1034

Munn DH, Zhou M, Attwood JT, Bondarev |, Conway SJ, Marshall B, Brown C, Mellor AL 1998 Prevention of
allogeneic fetal rejection by tryptophan catabolism. Science 281:1191-3

Munn DH, Sharma MD, Lee JR, Jhaver KG, Johnson TS, Keskin DB, Marshall B, Chandler P, Antonia SJ,
Burgess R, Slingluff CL Jr, Mellor AL 2002 Potential regulatory function of human dendritic cells expressing
indoleamine 2,3-dioxygenase. Science 297:1867-70

Murata K, Ishii N, Takano H, Miura S, Ndhlovu LC, Nose M, Noda T, Sugamura K 2000 Impairment of antigen-
presenting cell function in mice lacking expression of OX40 ligand. J Exp Med 191:365-374

Murray MF 2003 Tryptophan depletion and HIV infection: a metabolic link to pathogenesis. Lancet Infect Dis
3:644-52

Nakano H, Gunn MD 2001 Gene duplications at the chemokine locus on mouse chromosome 4: multiple strain-
specific haplotypes and the deletion of secondary lymphoid-organ chemokine and EBI-1 ligand chemokine genes
in the plt mutation. J Immunol 166:361-369

Narumiya S, FitzGerald GA 2001 Genetic and pharmacological analysis of prostanoid receptor function. J Clin
Invest 108:25-30

Narumiya S 2003 Prostanoids in immunity: roles revealed by mice deficient in their receptors. Life Sci 74:391-395

Natochin M, Artemyev NO 1998 A single mutation Asp229 --> Ser confers upon Gs alpha the ability to interact
with regulators of G protein signaling. Biochemistry 37:13776-13780

Neer EJ 1995 Heterotrimeric G proteins: organizers of transmembrane signals. Cell 80:249-257

Negishi M, Sugimoto Y, Ichikawa A 1995 Molecular mechanisms of diverse actions of prostanoid receptors.
Biochim Biophys Acta 1259:109-119

Nelson DJ, McMenamin C, McWilliam AS, Brenan M, Holt PG 1994 Development of the airway intraepithelial
dendritic cell network in the rat from class Il major histocompatibility (la)-negative precursors: Differential
regulation of la expression at different levels of the respiratory tract. J Exp Med 179:203-212

Neptune ER, liri T, Bourne HR 1999 Galphai is not required for chemotaxis mediated by Gi-coupled receptors. J
Biol Chem 274:2824-2828

Nestle FO, Zheng XG, Thompson CB, Turka LA, Nickoloff BJ 1993 Characterization of dermal dendritic cells
obtained from normal human skin reveals phenotypic and functionally distinctive subsets. J Immunol 151:6535-
6545

Nestle FO, Banchereau J, Hart D 2001 Dendritic cells: On the move from bench to bedside. Nat Med 7:761-765
Nonami A, Kato R, Taniguchi K, Yoshiga D, Taketomi T, Fukuyama S, Harada M, Sasaki A, Yoshimura A 2004
Spred-1 negatively regulates interleukin-3-mediated ERK/mitogen-activated protein (MAP) kinase activation in
hematopoietic cells. J Biol Chem 279:52543-52551

Nonami A, Taketomi T, Kimura A, Saeki K, Takaki H, Sanada T, Taniguchi K, Harada M, Kato R, Yoshimura A
2005 The Sprouty-related protein, Spred-1, localizes in a lipid raft/caveola and inhibits ERK activation in
collaboration with caveolin-1. Genes Cells 10:887-895

Norgauer J, Ibig Y, Gmeiner D, Herouy Y, Fiebich BL 2003 Prostaglandin E2 synthesis in human monocyte-
derived dendritic cells. Int J Mol Med 12(1):83-6

Norman MU, Hickey MJ 2005 Mechanisms of lymphocyte migration in autoimmune disease. Tissue Antigens
66:163-172

Nutt SL, Dingwell KS, Holt CE, Amaya E 2001 Xenopus Sprouty?2 inhibits FGF-mediated gastrulation movements
but does not affect mesoderm induction and patterning. Genes Dev 15:1152-1166

O'Banion MK 1999 Cyclooxygenase-2: molecular biology, pharmacology, and neurobiology. Crit Rev Neurobiol
13:45-82

124



REFERENCES

Oberlin E, Amara A, Bachelerie F, Bessia C, Virelizier JL, Arenzana-Seisdedos F, Schwartz O, Heard JM, Clark-
Lewis |, Legler DF, Loetscher M, Baggiolini M, Moser B 1996 The CXC chemokine SDF-1 is the ligand for
LESTR/fusin and prevents infection by T-cell-line-adapted HIV-1. Nature 382:833-835

Ohl L, Mohaupt M, Czeloth N, Hintzen G, Kiafard Z, Zwirner J, Blankenstein T, Henning G, Forster R 2004 CCR7
governs skin dendritic cell migration under inflammatory and steady-state conditions. Immunity 21:279-288

Ohshima Y, Tanaka Y, Tozawa H, Takahashi Y, Maliszewski C, Delespesse G 1997 Expression and function of
0X40 ligand on human dendritic cells. J Immunol 159:3838-3848

Ohshima Y, Yang LP, Uchiyama T, Tanaka Y, Baum P, Sergerie M, Hermann P, Delespesse G 1998 OX40
costimulation enhances interleukin-4 (IL-4) expression at priming and promotes the differentiation of naive human
CD4(+) T cells into high IL-4-producing effectors. Blood 92:3338-45

Oliveira-Dos-Santos AJ, Matsumoto G, Snow BE, Bai D, Houston FP, Whishaw IQ, Mariathasan S, Sasaki T,
Wakeham A, Ohashi PS, Roder JC, Barnes CA, Siderovski DP, Penninger JM 2000 Regulation of T cell
activation, anxiety, and male aggression by RGS2. Proc Natl Acad Sci USA 97:12272-12277

O'Neill GM, Fashena SJ, Golemis EA 2000 Integrin signalling: a new Cas(t) of characters enters the stage.
Trends Cell Biol 10:111-119

O'Neill DW, Adams S, Bhardwaj N 2004 Manipulating dendritic cell biology for the active immunotherapy of
cancer. Blood. 2004 104:2235-2246

Ozaki K, Kadomoto R, Asato K, Tanimura S, Itoh N, Kohno M 2001 ERK pathway positively regulates the
expression of Sprouty genes. Biochem Biophys Res Commun 285:1084-1088

Paczesny S, Ueno H, Fay J, Banchereau J, Palucka AK 2003 Dendritic cells as vectors for immunotherapy of
cancer. Semin Cancer Biol 13:439-447

Palucka AK, Ueno H, Fay JW, Banchereau J 2007 Taming cancer by inducing immunity via dendritic cells.
Immunol Rev 220:129-150

Pan PY, Zang Y, Weber K, Meseck ML, Chen SH 2003 OX40 ligation enhances primary and memory cytotoxic T
lymphocyte responses in an immunotherapy for hepatic colon metastases. Mol Ther 6:528-536

Panzer, U., and M. Uguccioni. 2004. Prostaglandin E2 modulates the functional responsiveness of human
monocytes to chemokines. Eur J Immunol 34:3682-3689.

Peters JH, Xu H, Ruppert J, Ostermeier D, Friedrichs D, Gieseler RK 1993 Signals required for differentiating
dendritic cells from human monocytes in vitro. Adv Exp Med Biol 329:275-80

Rabinovich GA, Gabrilovich D, Sotomayor EM 2007 Immunosuppressive strategies that are mediated by tumor
cells. Annu Rev Immunol 25:267-296

Rahman Z, Gold SJ, Potenza MN, Cowan CW, Ni Y G, He W, Wensel TG, Nestler EJ 1999 Cloning and
characterization of RGS9-2: a striatal-enriched alternatively spliced product of the RGS9 gene. J Neurosci
19:2016-2026

Rahman Z, Schwarz J, Gold SJ, Zachariou V, Wein, MN, Choi, KH, Kovoor A, Chen CK, DiLeone RJ, Schwarz
SC, Selley DE, Sim-Selley LJ, Barrot M, Luedtke RR, Self D, Neve RL, Lester HA, Simon MI, Nestler EJ. 2003.
RGS9 modulates dopamine signaling in the basal ganglia. Neuron 38:941-952

Randolph GJ, Angeli V, Swartz MA 2005 Dendritic-cell trafficking to lymph nodes through lymphatic vessels. Nat
Rev Immunol 5:617-628

Ratzinger G, Baggers J, de Cos MA, Yuan J, Dao T, Reagan JL, Minz C, Heller G, Young JW 2004 Mature
human Langerhans cells derived from CD34+ hematopoietic progenitors stimulate greater cytolytic T lymphocyte
activity in the absence of bioactive IL-12p70, by either single peptide presentation or cross-priming, than do
dermal-interstitial or monocyte-derived dendritic cells. J Immunol 173:2780-2791

Reich A, Sapir A, Shilo B 1999 Sprouty is a general inhibitor of receptor tyrosine kinase signaling. Development
126:4139-4147

Reif K, Cyster JG 2000 RGS molecule expression in murine B lymphocytes and ability to down-regulate
chemotaxis to lymphoid chemokines. J Immunol 164:4720

125


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Wensel%20TG%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Nestler%20EJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Kovoor%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Chen%20CK%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22DiLeone%20RJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Schwarz%20SC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Schwarz%20SC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Selley%20DE%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Sim-Selley%20LJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Barrot%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Luedtke%20RR%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Self%20D%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Neve%20RL%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Lester%20HA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Simon%20MI%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Nestler%20EJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1

REFERENCES

Rescigno M, Citterio S, Thery C, Rittig M, Medaglini D, Pozzi G, Amigorena S, Ricciardi-Castagnoli P 1998
Bacteria-induced neo-biosynthesis, stabilization, and surface expression of functional class | molecules in mouse
dendritic cells. Proc Natl Acad Sci USA 95:5229-5234

Rey A, M'Rini C, Sozzani P, Lamboeuf Y, Beraud M, Caput D, Ferrara P, Pipy B 1998 IL-13 increases the cPLA2
gene and protein expression and the mobilization of arachidonic acid during an inflammatory process in mouse
peritoneal macrophages. Biochim Biophys Acta 1393:244-252

Rieser C, Bock G, Klocker H, Bartsch G, Thurnher M 1997 Prostaglandin E2 and tumor necrosis factor alpha
cooperate to activate human dendritic cells: synergistic activation of interleukin 12 production. J Exp Med
186(9):1603-1608

Ristimaki A, Garfinkel S, Wessendorf J, Maciag T, Hla T 1994 Induction of cyclooxygenase-2 by interleukin-1
alpha. Evidence for post-transcriptional regulation. J Biol Chem 269:11769-11775

Robinson MJ, Cobb MH 1997 Mitogen-activated protein kinase pathways. Curr Opin Cell Biol 9:180-186

Rogers PR, Song J, Gramaglia |, Killeen N, Croft M 2001 OX40 promotes Bcl-xL and Bcl-2 expression and is
essential for long-term survival of CD4 T cells. Immunity 15:445-455

Romani N, Reider D, Heuer M, Ebner S, Kampgen E, Eibl B, Niederwieser D, Schuler G 1996 Generation of
mature dendritic cells from human blood. An improved method with special regard to clinical applicability. J
Immunol Methods 196:137-151

Roncarolo MG, Levings MK, Traversari C 2001 Differentiation of T regulatory cells by immature dendritic cells. J
Exp Med 193: F5-F9

Ross EM, Wilkie TM 2000 GTPase-activating proteins for heterotrimeric G proteins: regulators of G protein
signaling (RGS) and RGS-like proteins. Annu Rev Biochem 69:795-827

Rot A, von Andrian UH 2004 Chemokines in innate and adaptive host defense: basic chemokinese grammar for
immune cells. Annu Rev Immunol 22:891-928

Roy M, Waldschmidt T, Aruffo A, Ledbetter JA, Noelle RJ 1993 The regulation of the expression of gp39, the
CD40 ligand, on normal and cloned CD4+ T cells. J Immunol 151:2497-2510

Roy AA, Lemberg KE, Chidiac P 2003 Recruitment of RGS2 and RGS4 to the plasma membrane by G proteins
and receptors reflects functional interactions. Mol Pharmacol 64:587-593

Rubin, B.Y., Anderson, S.L., Xing, L., Powell, R.J., Tate, W.P. 1991. Interferon induces tryptophanyl-tRNA
synthetase expression in human fibroblasts. J Biol Chem 266:24245-8.

Rubin C, Litvak V, Medvedovsky H, Zwang Y, Lev S, Yarden Y 2003 Sprouty fine-tunes EGF signaling through
interlinked positive and negative feedback loops. Curr Biol 13:297-307

Rubin C, Zwang Y, Vaisman N, Ron D, Yarden Y 2005 Phosphorylation of carboxyl-terminal tyrosines modulates
the specificity of Sprouty-2 inhibition of different signaling pathways. J Biol Chem 280:9735-9744

Rubio MT, Means TK, Chakraverty R, Shaffer J, Fudaba Y, Chittenden M, Luster AD, Sykes M 2005 Maturation
of human monocyte-derived dendritic cells (MoDCs) in the presence of prostaglandin E2 optimizes CD4 and CD8
T cell-mediated responses to protein antigens: role of PGE2 in chemokine and cytokine expression by MoDCs. Int
Immunol 17:1561-72

Ruest PJ, Shin NY, Polte TR, Zhang X, Hanks SK 2001 Mechanisms of CAS substrate domain tyrosine
phosphorylation by FAK and Src. Mol Cell Biol 21:7641-765222-24

Sakaguchi S 2000 Regulatory T cells: Key controllers of immunologic self(tolerance. Cell 101:455-458

Sallusto F, Lanzavecchia A 1994 Efficient presentation of soluble antigen by cultured human dendritic cells is
maintained by granulocyte/macrophage colony-stimulating factor plus interleukin 4 and downregulated by tumor
necrosis factor alpha. J Exp Med 179:1109-18

Sallusto F, Cella M, Danieli C, Lanzavecchia A 1995 Dendritic cells use macropinocytosis and the mannose
receptor to concentrate macromolecules in the major histocompatibility complex class Il compartment:
downregulation by cytokines and bacterial products. J ExpMed 182:389-400

Sallusto F, Schaerli P, Loetscher P, Schaniel C, Lenig D, Mackay CR, Qin S, Lanzavecchia A 1998 Rapid and
coordinated switch in chemokine receptor expression during dendritic cell maturation. Eur J Immunol 28:2760-
2769

126



REFERENCES

Sallusto F, Palermo B, Lenig D, Miettinen M, Matikainen S, Julkunen I, Forster R, Burgstahler R, Lipp M,
Lanzavecchia A 1999 Distinct patterns and kinetics of chemokine production regulate dendritic cell function. Eur J
Immunol 29:1617-1625

Sanchez-Sanchez N, Riol-Blanco L, Rodriguez-Fernandez JL 2006 The multiple personalities of the chemokine
receptor CCR?7 in dendritic cells. J Immunol 176:5153-5199

Sasaki A, Taketomi T, Wakioka T, Kato R, Yoshimura A 2001 Identification of a dominant negative mutant of
Sprouty that potentiates fibroblast growth factor- but not epidermal growth factor-induced ERK activation. J Biol
Chem 276:36804-36808

Sasaki A, Taketomi T, Kato R, Saeki K, Nonami A, Sasaki M, Kuriyama M, Saito N, Shibuya M, Yoshimura A
2003 Mammalian Sprouty4 suppresses Ras-independent ERK activation by binding to Raf1. Nat Cell Biol 5:427-
432

Sato T, Kirimura Y, Mori Y 1997 The co-culture of dermal fibroblasts with human epidermal keratinocytes induces
increased prostaglandin E2 production and cyclooxygenase 2 activity in fibroblasts. J Invest Dermatol 109:334-
339

Scandella E, Men Y, Gillessen S, Forster R, Groettrup M 2002 Prostaglandin E2 is a key factor for CCR7 surface
expression and migration of monocyte-derived dendritic cells. Blood 100:1354-1361

Scandella E, Men Y, Legler, Gillessen S, Prikler L, Ludewig B, Groettrup M 2004 CCL19/CCL21-triggered signal
transduction and migration of dendritic cells requires prostaglandin E2. Blood 103:1595-1601

Schadendorf D, Ugurel S, Schuler-Thurner B, Nestle FO, Enk A, Brocker EB, Grabbe S, Rittgen W, Edler L,
Sucker A, Zimpfer-Rechner C, Berger T, Kamarashev J, Burg G, Jonuleit H, Tuttenberg A, Becker JC,
Keikavoussi P, Kampgen E, Schuler G 2006 Dacarbazine (DTIC) versus vaccination with autologous peptide-
pulsed dendritic cells (DC) in first-line treatment of patients with metastatic melanoma: a randomized phase Il trial
of the DC study group of the DeCOG. Ann Oncol 17:563-70

Schildknecht A, Miescher |, Yagita H, van den Broek M 2007 Priming of CD8+ T cell responses by pathogens
typically depends on CD70-mediated interactions with dendritic cells. Eur J Immunol 37:716-728

Schuler G, Schuler-Thurner B, Steinman 2003 The use of dendritic cells in cancer immunotherapy. Curr Opin
Immunol 15:138-147

Schuler-Thurner B, Schultz ES, Berger TG, Weinlich G, Ebner S, Woerl P, Bender A, Feuerstein B, Fritsch PO,
Romani N, Schuler G 2002 Rapid induction of tumor-specific type 1 T helper cells in metastatic melanoma
patients by vaccination with mature, cryopreserved, peptide-loaded monocyte-derived dendritic cells. J Exp Med
195:1279-1288

Serhan CN, Haeggstréom JZ, Leslie CC 1996 Lipid mediator networks in cell signaling: update and impact of
cytokines. FASEB J 10:1147-1158

Sertl K, Takemura T, Tschachler E, Ferrans VJ, Kaliner MA, Shevach EM 1986 Dendritic cells with antigen-
presenting capability reside in airway epithelium, lung parenchyma, and visceral pleura. J Exp Med 163:436-451

Shankaran V, lkeda H, Bruce AT, White JM, Swanson PE, Old LJ, Schreiber RD 2001 IFNgamma and
lymphocytes prevent primary tumour development and shape tumour immunogenicity. Nature 410:1107-1111

Sheibanie AF, Tadmori |, Jing H, Vassiliou E, Ganea D 2004 Prostaglandin E2 induces IL-23 production in bone
marrow-derived dendritic cells. FASEB J 18:1318-20

Sheibanie AF, Yen JH, Khayrullina T, Emig F, Zhang M, Tuma R, Ganea D 2007 The proinflammatory effect of
prostaglandin E2 in experimental inflammatory bowel disease is mediated through the IL-23-->IL-17 axis. J
Immunol 178:8138-47

Shi GX, Harrison K, Han SB, Moratz C, Kehrl JH 2004 Toll-like receptor signaling alters the expression of
regulator of G protein signaling proteins in dendritic cells: implications for G protein-coupled receptor signaling. J
Immunol 172:5175-5184

Shortman K, Liu YJ 2002 Mouse and human dendritic cell subtypes. Nat Rev Immunol 2:151-161

Siderovski DP, Strockbine B, Behe Cl 1999 Whither goest the RGS proteins? Crit Rev Biochem Mol Biol 34:215-
51

127



REFERENCES

Sinnarajah S, Dessauer CW, Srikumar D, Chen J, Yuen J, Yilma S, Dennis JC, Morrison EE, Vodyanoy V, Kehrl
JH 2001 RGS2 regulates signal transduction in olfactory neurons by attenuating activation of adenylyl cyclase Ill.
Nature 409:1051-1055

Singh-Jasuja H, Toes RE, Spee P, Minz C, Hilf N, Schoenberger SP, Ricciardi-Castagnoli P, Neefjes J,
Rammensee HG, Arnold-Schild D, Schild H 2000 Cross-presentation of glycoprotein 96-associated antigens on
major histocompatibility complex class | molecules requires receptor-mediated endocytosis. J Exp Med 191:1965-
1974

Skiba NP, Bae H, Hamm HE 1996 Mapping of effector binding sites of transducin a-subunit using Got/Gai1
chimeras. J Biol Chem 271:413-424

Slingluff CL Jr, Petroni GR, Yamshchikov GV, Barnd DL, Eastham S, Galavotti H, Patterson JW, Deacon DH,
Hibbitts S, Teates D, Neese PY, Grosh WW, Chianese-Bullock KA, Woodson EM, Wiernasz CJ, Merrill P, Gibson
J, Ross M, Engelhard VH Slingluff 2003 Clinical and immunologic results of a randomized phase Il trial of
vaccination using four melanoma peptides either administered in granulocyte-macrophage colony-stimulating
factor in adjuvant or pulsed on dendritic cells. J Clin Oncol 21:4016-4026

Smith WL, DeWitt DL 1995 Biochemistry of prostaglandin endoperoxide H synthase-1 and synthase-2 and their
differential susceptibility to nonsteroidal anti-inflammatory drugs. Semin Nephrol 15:179-94

Snow BE, Krumins AM, Brothers GM, Lee SF, Wall MA, Chung S, Mangion J, Arya S, Gilman AG, Siderovski DP
1998 A G protein g subunit-like domain shared between RGS11 and other RGS proteins specifies binding to Gb5
subunits. Proc Natl Acad Sci USA 95:13307-13312

Snow BE, Betts L, Mangion J, Sondek J, Siderovski DP 1999 Fidelity of G protein b-subunit association by the G
protein gamma-subunit-like domains of RGS6, RGS7, and RGS11. Proc Natl Acad Sci USA 96:6489-6494

So T, Croft M 2007 Cutting edge: OX40 inhibits TGF-beta- and antigen-driven conversion of naive CD4 T cells
into CD25+Foxp3+ T cells. J Immunol 179:1427-1430

Soares H, Waechter H, Glaichenhaus N, Mougneau E, Yagita H, Mizenina O, Dudziak D, Nussenzweig MC,
Steinman RM 2007 A subset of dendritic cells induces CD4+ T cells to produce IFN-gamma by an IL-12-
independent but CD70-dependent mechanism in vivo. J Exp Med 204:1095-106

Soroosh P, Ine S, Sugamura K, Ishii N 2006 OX40-OX40 ligand interaction through T cell-T cell contact
contributes to CD4 T cell longevity. J Immunol 176:5975-5987

Soruri A, Zwirner J 2005 Dendritic cells: limited potential in immunotherapy. Int J Biochem Cell Biol 37:241-245

Song JH, Waataja JJ, Martemyanov KA 2006 Subcellular targeting of RGS9-2 is controlled by multiple molecular
determinants on its membrane anchor, R7BP. J Biol Chem 281(22):15361-9

Sozzani, S., F. Sallusto, W. Luini, D. Zhou, L. Piemonti, P. Allavena, J. Van Damme, S. Valitutti, A. Lanzavecchia,
and A. Mantovani. 1995. Migration of dendritic cells in response to formyl peptides, C5a, and a distinct set of
chemokines. J Immunol 155:3292-3295.

Sozzani, S., W. Luini, A. Borsatti, N. Polentarutti, D. Zhou, L. Piemonti, G. D'Amico, C. A. Power, T. N. Wells, M.
Gobbi, P. Allavena, and A. Mantovani. 1997. Receptor expression and responsiveness of human dendritic cells to
a defined set of CC and CXC chemokines. J Immunol 159:1993-2000.

Sozzani, S., P. Allavena, G. D'Amico, W. Luini, G. Bianchi, M. Kataura, T. Imai, O. Yoshie, R. Bonecchi, and A.
Mantovani. 1998. Differential regulation of chemokine receptors during dendritic cell maturation: a model for their
trafficking properties. J Immunol 161:1083-1086.

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

Steinbrink K, Paragnik L, Jonuleit H, Titing T, Knop J, Enk AH 2000 Induction of dendritic cell maturation and
modulation of dendritic cell-induced immune responses by prostaglandins. Arch Dermatol Res 292(9):437-45

Steinman RM, Dhodapkar M 2001 Active immunization against cancer with dendritic cells: the near future. Int J
Cancer 94:459-473

Steinman RM, Pope M 2002 Exploiting dendritic cells to improve vaccine efficacy. J Clin Invest
109:1519-1526

Steinman RM, Hawiger D, Nussenzweig MC 2003 Tolerogenic dendritic cells. Annu Rev Immunol 21:685-711

128


http://www.ncbi.nlm.nih.gov/pubmed/16574655?ordinalpos=10&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum

REFERENCES

Stiiber E, Neurath M, Calderhead D, Fell HP, Strober W 1995 Cross-linking of OX40 ligand, a member of the
TNF/NGF cytokine family, induces proliferation and differentiation in murine splenic B cells. Immunity 2:507-521

Sugimoto Y, Narumiya S 2007 Prostaglandin E receptors. J Biol Chem 282:11613-11617
Takeda, K., T. Kaisho, and S. Akira. 2003. Toll-like receptors. Annu Rev Immunol 21:335-376.

Takeda |, Ine S, Killeen N, Ndhlovu LC, Murata K, Satomi S, Sugamura K, Ishii N 2004 Distinct roles for the
0X40-0OX40 ligand interaction in regulatory and nonregulatory T cells. J Immunol 172:3580-3589

Taraban VY, Rowley TF, O'Brien L, Chan HT, Haswell LE, Green MH, Tutt AL, Glennie MJ, Al-Shamkhani A
2002 Expression and costimulatory effects of the TNF receptor superfamily members CD134 (OX40) and CD137
(4-1BB), and their role in the generation of anti-tumor immune responses. Eur J Immunol 32:3617-3627

Taraban VY, Rowley TF, Al-Shamkhani A 2004 Cutting edge: a critical role for CD70 in CD8 T cell priming by
CDA40-licensed APCs. J Immunol 173:6542-6546

Taylor, M\W., Feng, G.S. 1991. Relationship between interferon-gamma, indoleamine 2,3-dioxygenase, and
tryptophan catabolism. FASEB J 5:2516-22.

Tesselaar K, Gravestein LA, van Schijndel GM, Borst J, van Lier RA 1997 Characterization of murine CD70, the
ligand of the TNF receptor family member CD27. J Immunol 159:4959-4965

Tesselaar K, Xiao Y, Arens R, van Schijndel GM, Schuurhuis DH, Mebius RE, Borst J, van Lier RA 2002
Expression of the murine CD27 ligand CD70 in vitro and in vivo. J Immunol 169:33-40

Tesselaar K, Arens R, van Schijndel GM, Baars PA, van der Valk MA, Borst J, van Oers MH, van Lier RA 2003
Lethal T cell immunodeficiency induced by chronic costimulation via CD27-CD70 interactions. Nat Immunol 4:49-
54

Tefft JD, Lee M, Smith S, Leinwand M, Zhao J, Bringas P Jr, Crowe DL, Warburton D 1999 Conserved function of
mSpry-2, a murine homolog of Drosophila sprouty, which negatively modulates respiratory organogenesis. Curr
Biol 9:219-222

Tefft D, Lee M, Smith S, Crowe DL, Bellusci S, Warburton D 2002 mSprouty2 inhibits FGF10-activated MAP
kinase by differentially binding to upstream target proteins. Am J Physiol Lung Cell Mol Physiol 283:L700-706

Terness, P., Bauer, T.M., Rose, L., Dufter, C., Watzlik, A., Simon, H., Opelz, G. 2002. Inhibition of allogeneic T
cell proliferation by indoleamine 2,3-dioxygenase-expressing dendritic cells: mediation of suppression by
tryptophan metabolites. J Exp Med 196:447-57

Terness, P., Chuang, J.J., Bauer, T., Jiga, L., Opelz, G. 2005. Regulation of human auto- and alloreactive T cells
by indoleamine 2,3-dioxygenase (IDO)-producing dendritic cells: too much ado about IDO? Blood 105:2480-6.

Thomas EA, Danielson PE, Sutcliffe, JG 1998 RGS9: a regulator of G-protein signalling with specific expression
in rat and mouse striatum. J Neurosci Res 52:118-124

Thurner B, Réder C, Dieckmann D, Heuer M, Kruse M, Glaser A, Keikavoussi P, Kdmpgen E, Bender A, Schuler
G 1999 Generation of large numbers of fully mature and stable dendritic cells from leukapheresis products for
clinical application. J Immunol Methods 223:1-15

Thurnher, M., C. Zelle-Rieser, R. Ramoner, G. Bartsch, and L. Holtl. 2001. The disabled dendritic cell. FASEB J
15:1054-1061.

Traynor JR, Neubig RR 2005 Drugs of abuse and regulators of G protein signalling in the brain. Mol Interv 5:30-
41

Trombetta ES, Mellman | 2005 Cell biology of antigen processing in vitro and in vivo. Annu Rev Immunol 23:975-
1028

Ueno H, Klechevsky E, Morita R, Aspord C, Cao T, Matsui T, Di Pucchio T, Connolly J, Fay JW, Pascual V,
Palucka AK, Banchereau J 2007 Dendritic cell subsets in health and disease. Immunol Rev 219:118-142

van den Broek M 2007 Dendritic cells break bonds to tolerize. Immunity 27:544-546

129



REFERENCES

van Helden SF, Krooshoop DJ, Broers KC, Raymakers RA, Figdor CG, van Leeuwen FN 2006. A Critical Role for
Prostaglandin E2 in Podosome Dissolution and Induction of High-Speed Migration during Dendritic Cell
Maturation. J Immunol 177:1567-74

van Kooten C, Banchereau J 2000 CD40-CD40 ligand. J Leukoc Biol 67:2-17

Vassileva G, Soto H, Zlotnik A, Nakano H, Kakiuchi T, Hedrick JA, Lira SA 1999 The reduced expression of
6Ckine in the plt mouse results from the deletion of one of two 6Ckine genes. J Exp Med 190:1183-1188

Vidalain PO, Azocar O, Servet-Delprat C, Rabourdin-Combe C, Gerlier D, Manié S 2000 CD40 signaling in
human dendritic cells is initiated within membrane rafts.

von Mehren M, Adams GP, Weiner LM 2003 Monoclonal antibody therapy for cancer. Annu Rev Med 54:343-369

Vu MD, Xiao X, Gao W, Degauque N, Chen M, Kroemer A, Killeen N, Ishii N, Chang Li X 2007 OX40
costimulation turns off Foxp3+ Tregs. Blood 110:2501-2510

Wakioka T, Sasaki A, Kato R, Shouda T, Matsumoto A, Miyoshi K, Tsuneoka M, Komiya S, Baron R, Yoshimura
A 2001 Spred is a Sprouty-related suppressor of Ras signalling. Nature 412:647-651

Watson AJ, Katz A, Simon M| 1994 A fifth member of the mammalian G-protein 3-subunit family. Expression in
brain and activation of the R2 isotype of phospholipase C. J Biol Chem 269:22150-22156

Watson, N, Linder ME, Druey KM, Kehrl JH, Blumer KJ 1996a. RGS family members: GTPase activating proteins
for heterotrimeric G-protein a-subunits. Nature 383:172-175

Watts TH 2005 TNF/TNFR family members in costimulation of T cell responses. Annu Rev Immunol 23:23-68

Watson AJ, Aragay AM, Slepak VZ, Simon MI 1996b A novel form of the G protein 3 subunit GR5 is specifically
expressed in the vertebrate retina. J Biol Chem 271:28154-28160

Weaver CT, Hatton RD, Mangan PR, Harrington LE 2007 IL-17 family cytokines and the expanding diversity of
effector T cell lineages. Annu Rev Immunol 25:821-52

Weinberg AD, Wegmann KW, Funatake C, Whitham RH 1999 Blocking OX-40/0X-40 ligand interaction in vitro
and in vivo leads to decreased T cell function and amelioration of experimental allergic encephalomyelitis. J
Immunol 162:1818

Weinberg AD, Rivera MM, Prell R, Morris A, Ramstad T, Vetto JT, Urba WJ, Alvord G, Bunce C, Shields J 2000
Engagement of the OX-40 receptor in vivo enhances antitumor immunity. J Immunol 164:2160-2169

Weninger W, von Andrian UH 2003 Chemokine regulation of naive T-cell traffic in health and disease. Semin
Immunol 15:257-270

Wensel TG 2002 RGS9-1 phosphorylation and Ca®". Adv Exp Med Biol 514:125-129
Witherow DS, Wang Q, Levay K, Cabrera JL, Chen J, Willars GB, Slepak VZ. 2000 Complexes of the G protein
subunit gbeta 5 with the regulators of G protein signaling RGS7 and RGS9. Characterization in native tissues and

in transfected cells. J Biol Chem 275(32):24872-80

Wong ES, Lim J, Low BC, Chen Q, Guy GR 2001 Evidence for direct interaction between Sprouty and Cbl. J Biol
Chem 276:5866-5875

Xiao Y, Hendriks J, Langerak P, Jacobs H, Borst J 2004 CD27 is acquired by primed B cells at the centroblast
stage and promotes germinal center formation. J Immunol 172:7432-7441

Xie GX, Palmer PP 2007 How regulators of G protein signaling achieve selective regulation. J Mol Biol 366:349-
365

Yamamoto K, Arakawa T, Ueda N, Yamamoto S 1995 Transcriptional roles of nuclear factor kappa B and nuclear
factor-interleukin-6 in the tumor necrosis factor alpha-dependent induction of cyclooxygenase-2 in MC3T3-E1
cells. J Biol Chem 270:31315-31320

Yanagihara S, Komura E, Nagafune J, Watarai H, Yamaguchi Y 1998 EBI1/CCR7 is a new member of dendritic
cell chemokine receptor that is up-regulated upon maturation. J Immunol 161:3096-3102

Yang D, Chen Q, Stoll S, Chen X, Howard OM, Oppenheim JJ 2000 Differential regulation of responsiveness to
fMLP and C5a upon dendritic cell maturation: correlation with receptor expression. J Immunol 165:2694-2702

130


http://www.ncbi.nlm.nih.gov/pubmed/10840031?ordinalpos=6&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum

REFERENCES

Yigzaw Y, Cartin L, Pierre S, Scholich K, Patel TB 2001 The C terminus of sprouty is important for modulation of
cellular migration and proliferation. J Biol Chem 276:22742-22747

Yigzaw Y, Poppleton HM, Sreejayan N, Hassid A, Patel TB 2003 Protein-tyrosine phosphatase-1B (PTP1B)
mediates the anti-migratory actions of Sprouty. J Biol Chem 278:284-288

Yusoff P, Lao DH, Ong SH, Wong ES, Lim J, Lo TL, Leong HF, Fong CW, Guy GR 2002 Sprouty2 inhibits the
Ras/MAP kinase pathway by inhibiting the activation of Raf. J Biol Chem 277:3195-3201

Zachariou V, Georgescu D, Sanchez N, Rahman Z, DiLeone R, Berton O, Neve RL, Sim-Selley LJ, Selley DE,
Gold SJ, Nestler EJ 2003 Essential role for RGS9 in opiate action. Proc Natl Acad Sci USA 100:13656-13661

Zaini J, Andarini S, Tahara M, Saijo Y, Ishii N, Kawakami K, Taniguchi M, Sugamura K, Nukiwa T, Kikuchi T 2007
0X40 ligand expressed by DCs costimulates NKT and CD4+ Th cell antitumor immunity in mice. J Clin Invest
117:3330-3338

Zelle-Rieser, C., R. Ramoner, E. Artner-Dworzak, A. Casari, G. Bartsch, and M. Thurnher. 2002. Human
monocyte-derived dendritic cells are deficient in prostaglandin E2 production. FEBS Lett 511:123-126.

Zhang K, Howes KA, He W, Bronson JD, Pettenati MJ, Chen CK, Palczewski K, Wensel TG, Baehr W 1999
Structure, alternative splicing, and expression of the human RGS9 gene. Gene 240:23-34

Zhang JH, Lai Z, Simonds WF 2000 Differential expression of the G protein beta(5) gene: analysis of mouse
brain, peripheral tissues, and cultured cell lines. J Neurochem 75:393-403

Zhang C, Chaturvedi D, Jaggar L, Magnuson D, Lee JM, Patel TB 2005 Regulation of vascular smooth muscle
cell proliferation and migration by human sprouty 2. Arterioscler Thromb Vasc Biol 25:533-538

Zhang AL, Colmenero P, Purath U, Teixeira de Matos C, Hueber W, Klareskog L, Tarner IH, Engleman EG,
Soderstrom K 2007 Natural Killer cells trigger differentiation of monocytes into dendritic cells. Blood 110:2484-
2493

Zheng B, De Vries L, Gist Farquhar M 1999 Divergence of RGS proteins: evidence for the existence of six
mammalian RGS subfamilies.Trends Biochem Sci 24:411-414

Zheng B, Chen D, Farquhar MG 2000 MIR16, a putative membrane glycerophosphodiester phosphodiesterase,
interacts with RGS16. Proc Natl Acad Sci U S A 97(8):3999-4004

Zhu L, Ji F, Wang Y, Zhang Y, Liu Q, Zhang JZ, Matsushima K, Cao Q, Zhang Y 2006 Synovial autoreactive T
cells in rheumatoid arthritis resist IDO-mediated inhibition. J Immunol 177:8226-33

Zitvogel, L 2002 Dendritic and natural killer cells cooperate in the control/switch of innate immunity. J Exp Med
195:F9-14

131


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Palczewski%20K%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Wensel%20TG%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Baehr%20W%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlusDrugs1

Abgrenzung der Eigenleistung

Soweit im Folgenden nicht anders erwahnt, wurden alle Experimente dieser Arbeit von mir
selbst erdacht, geplant, ausgefuhrt und ausgewertet. Die Manuskripte in Kapitel 2 und 5
wurden in Zusammenarbeit mit meinem Betreuer Dr. Daniel F. Legler verfasst, wéhrend alle
anderem Kapitel von mir allein verfasst wurden. Die Abbildung 1 in Kapitel 7 wurde von Karin
Schéauble graphisch gestaltet.

Alle Experimente in Kapitel 4 wurden unter meiner Anleitung im Rahmen einer Masterarbeit
von Stefanie Burger durchgefuhrt, wobei alle in vivo Arbeiten von mir assistiert wurden.
Vorarbeiten zu Kapitel 6 wurden im Rahmen einer Masterarbeit von Christina Uermdsi unter
meiner Anleitung durchgefiihrt. Alle dargestellten Experimente in Kapitel 6 wurden jedoch
von mir selbst ausgefuhrt.

Die HPLC-Analysen in Kapitel 5 wurden von Paula Darley und Janosch Klebensberger
(Lehrstuhl fiir mikrobielle Okologie, Prof. Schink, Universitat Konstanz) durchgefiihrt, wobei
die Vorbereitung der Proben sowie die Auswertung der Ergebnisse von mir vorgenommen
wurde.

Die Konstrukte fir Sprouty2 sowie die Sprouty2-Mutante (Y55A) wurden von Dr. Tarun Patel
(Loyola University of Chicago) bzw. Dr. Akihiko Yoshimura (Kyushu University, Japan) zur
Verfugung gestellt. Die verwendeten RGS9-defizienten Mause stammen von Prof. Johannes
Schwarz (Universitat Leipzig), und die Zucht der Mause wurde von den Mitarbeitern der

Tierforschungsanlage der Universitat Konstanz ibernommen.

133



	Text5: Konstanzer Online-Publikations-System (KOPS)
URL: http://www.ub.uni-konstanz.de/kops/volltexte/2008/5468/
URN: http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-54682


