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General Introduction
ENGLISH SUMMARY

Dendritic cells (DCs) are the main antigen presenting cells of the immune system and
play a pivotal role in regulating T cell responses. The current dogma states that antigen
presentation by mature DCs evokes T cell immunity, whereas antigen presentation by
immature DCs results in T cell tolerance. DCs are activated upon direct interaction with
pathogens via so-called pattern recognition receptors (e.g. Toll-like receptors).
Alternatively, DCs can be activated in an indirect manner via inflammatory mediators
produced by other pathogen-exposed cells. As both directly and indirectly activated
DCs exhibit a high costimulatory potential, differentially activated DCs are commonly
not distinguished and interchangeably referred to as 'mature' DCs. Nevertheless,
indirectly activated DCs lack production of pro-inflammatory cytokines and hence, fail
to support effector T cell responses. Although indirectly activated DCs occur
widespread within the host during infections, their functional role remains elusive. On
the other hand, enormous advances in the field of DC-based vaccines have been made
in the past decade and several receptors expressed by DCs were identified that
mediate the uptake of exogenous antigens and their subsequent presentation. In
particular, the receptor Clec9A was identified, which is selectively expressed in both
mice and humans by DCs specialized in presenting exogenous antigens to CD8+ T
cells. Therefore, antigen targeting to Clec9A+ DCs is currently believed to hold great
potential for the development of DC-based vaccines aiming to manipulate T cell
responses in various disease settings. However, it is currently not known whether
antigen targeting to Clec9A+ DCs can also be exploited to induce antigen-specific CD8+
T cell tolerance.
This doctoral thesis aimed to investigate the functional properties of indirectly activated
DCs and in particular, to unveil whether endogenous DCs activated by inflammatory
cues have the potential to induce T cell tolerance in vivo.
Results presented in this study demonstrate that Clec9A+ DCs do not express Toll-like
receptor 7 (TLR7), and that consequently this DC subset is activated via inflammatory
mediators, such as type I IFNs and TNF , upon in vivo administration of a TLR7
agonist. To target the model antigen gp33 to indirectly activated Clec9A + DCs we thus
fused gp33 to anti-Clec9A antibodies and injected these hybrid antibodies along with
a TLR7 agonist into mice. In that manner, we could analyse the ability of indirectly
activated Clec9A+ DCs to regulate T cell responses. Our results provide evidence that
while indirectly activated Clec9A+ DCs fail to elicit CD8+ T immunity, they confer
iv
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antigen-specific CD8+ T cell tolerance in vivo. Thus, CD8+ T cells primed by indirectly
activated Clec9A+ DCs were refractory to antigen re-encounter. Therefore, it is
tempting to speculate that indirectly activated DCs contribute in maintaining peripheral
T cell tolerance and hence, tissue homeostasis during an inflammatory response.
Further, this study challenges the current dogma and highlights that the term ‘mature’
has been used to describe a heterogeneous population, comprising DCs which might
considerably differ in their functional properties.
In summary, the data presented in this thesis give new insights into the functional
properties of endogenous DCs activated in vivo by an inflammatory milieu and bear
practical implications for the design of novel immunotherapies, aiming to specifically
inhibit T cell responses in the context of autoimmunity.

v
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GERMAN SUMMARY

Dendritische Zellen (DZ) sind die wichtigsten Antigen-präsentierenden Zellen des
Immunsystems und spielen eine essentielle Rolle bei der Regulation von T Zell
Antworten. Das gegenwärtige Dogma besagt, dass Antigen-Präsentation durch
aktivierte DZ T Zell Immunität auslöst, wohingegen Antigen-Präsentation durch DZ im
Ruhezustand T Zell Toleranz hervorruft. DZ werden typischerweise durch die direkte
Interaktion mit Pathogenen durch spezialisierte Rezeptoren, wie z.B. Toll-like
Rezeptoren, aktiviert. Alternativ können DZ auch durch Entzündungs-Mediatoren
indirekt aktiviert werden, welche von anderen Zellen freigesetzt wurden, die direkt mit
Pathogenen in Kontakt gekommen sind. Da sowohl direkt wie auch indirekt aktivierte
DZ ein hohes kostimulatorisches Potential aufweisen, werden differenziell aktivierte
DZ oft nicht unterschieden und auswechselbar als aktivierte DZ bezeichnet. Allerdings
produzieren indirekt aktivierte DZ keine pro-inflammatorische Zytokine und können
daher keine T Zell Immunität zu initiieren. Auch wenn indirekt aktivierte DZ bei jeder
Infektion in grosser Zahl vorhanden sind, ist deren funktionelle Rolle unbekannt.
Andererseits gab es im letzten Jahrzehnt beachtliche Fortschritte bei der Entwicklung
von DZ-basierten Impfstrategien. Es wurden verschiedene durch DZ exprimierte
Rezeptoren beschrieben, welche die Aufnahme und darauffolgende Präsentation von
Peptide vermitteln. Insbesondere, wurde der Rezeptor Clec9A identifiziert, welcher in
der Maus und im Menschen selektiv von DZ exprimiert wird, die auf die Präsentation
von exogenen Antigenen an zytotoxische T Zell-Vorgänger spezialisiert sind. Daher
werden Clec9A+ DZ als sehr vielversprechend erachtet für die Entwicklung von
neuartigen Therapien, die darauf abzielen zytotoxische T Zell Antworten in
verschieden Krankheitssituationen zu manipulieren. Es ist jedoch zurzeit noch unklar,
ob Clec9A+ DZ dazu benützt werden können um Immunotherapien zu entwickeln, die
darauf abzielen Antigen-spezifisch T Zell Toleranz hervorzurufen.
Das Ziel dieser Doktorarbeit war es, die funktionellen Eigenschaften von indirekt
aktivierten DZ zu ergründen und insbesondere herauszufinden, ob endogene DZ die
ausschliesslich durch Entzündungs-Mediatoren aktiviert wurden in vivo T Zell Toleranz
induzieren können.
Die Ergebnisse dieser Dissertation zeigen, dass Clec9A+ DZ kein Toll-like Rezeptor 7
(TLR7) exprimieren und folglich indirekt über Entzündungs-Mediatoren wie z.B. Typ I
Interferone und TNF aktiviert werden, wenn ein TLR7 Agonist in vivo verabreicht wird.
vi
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Daher haben wir anti-Clec9A-gp33 Hybrid-Antikörpern zusammen mit einem TLR7
Agonist injiziert, damit unser Modelantigen gp33 durch indirekt aktivierte Clec9A+ DZ
präsentiert wurde. Somit konnten die funktionellen Eigenschaften von indirekt
aktivierten Clec9A+ DZ untersucht werden. Die Resultate dieser Studie haben gezeigt,
dass indirekt aktivierte Clec9A+ DZ keine CD8+ T Zell Immunität hervorrufen, aber
stattdessen Antigen-spezifisch T Zell Toleranz auslösen. Das bedeutet, dass CD8+ T
Zellen welche durch indirekt aktivierten DZ aktiviert wurden, unempfindlich auf erneute
Antigen-Stimulation werden. Daher spekulieren wir, dass indirekt aktivierte DZ
während einer Entzündungsreaktion dazu beitragen, periphere T Zell Toleranz und
somit Gewebehomöostase aufrechtzuerhalten.
Darüber hinaus stellen unsere Resultate das derzeitige Dogma in Frage und weisen
darauf hin, dass 'aktivierte DZ' eine heterogene Population darstellt. Dabei besteht
diese Population aus DZ, denen mitunter gegensätzliche funktionelle Eigenschaften
zugesprochen werden können.
Zusammenfassend tragen die Erkenntnisse dieser Dissertation dazu bei, die
funktionellen Eigenschaften von DZ, welche in vivo durch Entzündungs-Mediatoren
aktiviert wurden besser zu verstehen. Zudem liefern unsere Resultate wichtige
Erkenntnisse für die Entwicklung neuartige Ansatzmöglichkeiten um spezifisch T Zell
Antworten zu inhibieren, was im Kontext von Autoimmunität von hohem Interesse ist.
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General Introduction

1.1.

General principles of the innate and adaptive immune system

The immune system evolved to protect multicellular organisms against a plethora of
intruders including bacteria, viruses, parasites or fungi. Further, it eliminates tumour
cells and hence, prevents from the development of malignancies. Thus, the immune
system must discriminate between the host’s own healthy tissue and foreign,
respectively altered structures, as an aberrant response might result in the
development of an autoimmune disease, such as type I diabetes (Eisenbarth, 1986),
multiple sclerosis (McFarland and Martin, 2007) or rheumatoid arthritis (Cope et al.,
2007).
In vertebrates, the immune system comprises the innate and the adaptive arm. The
former provides the first line of defense against pathogens. It includes epithelial
surfaces, mucosal linings, the complement system, antimicrobial peptides and several
innate cells (Medzhitov and Janeway, 2000), as for instance phagocytes or
granulocytes. These entities co-operate and either physically prevent pathogen
invasion or are involved in mounting an inflammatory response, which occurs minutes
or hours after infection (Paul, 2012). This early response inhibits pathogen spread by
directly eliminating the pathogen, blocking its replication, preventing host cell entry or
removing infected host cells (Nish and Medzhitov, 2011; Stetson and Medzhitov,
2006). Importantly, innate defense mechanisms act in a highly conserved and
unspecific manner. Innate immune cells recognise invariant pattern-associated
molecular patterns (PAMPs), like single-stranded RNAs derived from viruses (Diebold
et al., 2004), by germline encoded pattern recognition receptors (PRRs) (Medzhitov
and Janeway, 2000; Medzhitov and Janeway, 1997).
In contrast, adaptive effector mechanisms, which are evolutionary younger and only
present in vertebrates (Pancer and Cooper, 2006), are mediated by T or B lymphocytes
that recognize foreign or altered structures in an antigen-specific manner. The
tremendous diversity of these cells' receptors is generated by somatic rearrangement
of gene segments encoded in the germline (Davis and Bjorkman, 1988; Hozumi and
Tonegawa, 1976; Tonegawa, 1983). Unlike innate immune responses, adaptive
immune responses become effective only a few days after infection, which is the time
needed for T and B cells to interact with the antigen, proliferate and differentiate into
effector cells. Once activated, B or T cells can give rise to memory cells, which allow
to increase the efficiency of the immune response occurring upon antigen re2
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encounter. Therefore, the adaptive arm of immunity provides long-term protection
against a specific pathogen, which represents the basic principle of vaccination (Paul,
2012).
Although already suggested in 1989 by Charles Janeway (Janeway, 1989), it became
only well accepted about a decade later that innate immune cells are not only involved
in mounting an early inflammatory response, but also play a crucial role in bridging
innate and adaptive immunity (Medzhitov, 2009). It was shown that professional
antigen-presenting cells (APCs), which are innate phagocytosing cells, and in
particular dendritic cells (DCs) are responsible for the initiation of antigen-specific T
cell responses (Banchereau and Steinman, 1998).
Since this study focuses on the role of DCs in regulating T cell responses, with
emphasis on the cytotoxic T cell compartment, and the immunotherapeutic
manipulation thereof, the peculiarities of these cells are described below in more detail.

1.1.

T lymphocytes

T cell lymphocytes, which are essential for orchestrating cell-mediated adaptive
immunity, express a heterodimeric T cell receptor (TCR) consisting of either a
combined

and

polypeptide chain (

-TCR) or a

and

chain ( -TCR). These

polypeptides belong to the immunoglobulin superfamily and are generated through
somatic rearrangement of variable (V), joining (J) and in the case of the

and

polypeptide chain also diversity (D) gene segments (Acuto et al., 1984; Brenner et al.,
1986; Chien et al., 1987; Hedrick et al., 1984; Saito et al., 1984) . Although

T cells

are involved in the regulation of some immune responses, as for instance the
inflammation occurring during cutaneous wound healing (Jameson et al., 2005), T cells
from the

lineage are the main T cells in humans and mice. Based on their co-

receptor expression, they are further subdivided into CD4+ (helper) and CD8+
(cytotoxic) T cells, which recognize peptides presented on the major histocompatibility
complex (MHC) class II or class I, respectively. While MHC class II molecules are
primary expressed by APCs, such as DCs and macrophages, class I molecules are
expressed by all nucleated cells. The CD4 or CD8 co-receptor not only stabilize the
interaction of the TCR with the peptide presenting MHC molecules (Gabert et al., 1987;
Gay et al., 1987), but are also involved in regulating TCR downstream signalling (Bank
3
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and Chess, 1985; Fleischer et al., 1986; Veillette et al., 1988). As opposed to the TCR,
MHC molecules are not generated by somatic rearrangement, but are instead encoded
by highly polymorphic genes. Since both CD4+ and CD8+ T lymphocytes interact with
peptides in a highly antigen-specific manner, the frequency of T cells recognizing a
particular antigen is very low and represents, as for example for CD8+ T cells, ca. 1 in
100'000 CD8+ T cells, respectively a few hundred per mouse (Obar et al., 2008).
During T cell development, T lymphocyte precursors, which are derived from
hematopoietic stem cells located in the bone marrow, migrate into the thymus to
complete their maturation. Within this organ T cell precursors are instructed to express
the TCR and develop into mature

or

T cells. Importantly, thymic T cell maturation

also includes a positive and negative selection process. During the former non-reactive
T cells are eliminated (Kisielow et al., 1988). In contrast, negative selection eliminates
T cells that interact with a high affinity with self-peptide-MHC complexes and hence,
guards from the development of autoimmune diseases (Kisielow et al., 1988; Starr et
al., 2003). Due to these very stringent selection processes, only a fraction of all
generated T cells leave the thymus (Egerton et al., 1990) and enter the periphery,
where they can interact with antigen-loaded APCs.
1.1.1. CD4+ T cells
CD4+ T cells recognize antigens presented on MHC class II molecules and support B
cell and CD8+ T cell responses through several distinct mechanisms. For example,
CD4+ T cells support the survival of virus-specific CD8+ T cells during a primary
vaccinia virus (VV) immune response (Wiesel et al., 2010). In addition, CD4+ T cell
help is required for the formation of functional CD8+ T cell memory cells during various
viral infections, such as lymphocytic choriomeningitis virus (LCMV) (von Herrath et al.,
1996) or influenza (Belz et al., 2002). In response to pathogens, commensal bacteria
or allergens, naive CD4+ T cells differentiate into different subsets, of which the best
characterized are Th1, Th2, Th17 and inducible regulatory T cells (iTregs). In brief,
Th1 differentiation, which is essential for the clearance of intracellular bacteria, is
induced by the pro-inflammatory molecule Interleukin (IL)-12 (O'Garra, 1998). In
contrast, IL-4, IL-25 and IL-33 promote the development of Th2 cells, which are
required for host defense against extracellular parasites, but are also involved in
allergic or asthmatic immune reactions (Paul and Zhu, 2010). On the other hand, IL-6,
IL-21, IL-23 and TGF4

promote the differentiation of Th17 cells, which are

x
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indispensable for fighting certain extracellular bacteria and fungi, yet have also been
implicated in the development of autoimmunity (Korn et al., 2009) . Further, TGF- and
retinoic acid promote the differentiation of naive CD4+ T cells into IL-10 and TGFproducing iTregs, which are essential for dampening immune responses and
consequently exert an immunoregulatory function (Campbell and Koch, 2011; Jonuleit
and Schmitt, 2003).
1.1.2. CD8+ T cells
Naive CD8+ T cells differentiate upon activation into cytotoxic T lymphocytes (CTLs),
specialized in eliminating transformed or infected host cells expressing MHC class I
molecules. CTLs trigger cell death via two co-operating mechanisms, the Fasmediated and the perforin/ganzyme-mediated pathway. In the former, apoptosis of the
target cells is induced upon ligation of Fas ligand, which is expressed on CTLs, with
Fas expressed on the target cell's surface (Waring and Mullbacher, 1999). In the
second mechanism, CTLs release cytotoxic granules containing perforin and
granzyme B by exocytosis. Perforins polymerize and form pores in the target cell's
membranes. Through these pores, granzyme B subsequently enters into the target cell
and induces cell death (Russell and Ley, 2002). In addition, CTLs produce a plethora
of different effector molecules, of which interferon (IFN) and tumour necrosis factor
(TNF

are probably the most extensively described. It is well known that IFN directly

inhibits viral replication, promotes Th1 differentiation and upregulates MHC class I
expression on the target cells, thereby enhancing the CTL's cytotoxicity. IFN also
stimulates the production of pro-inflammatory and anti-microbial substances by
macrophages (Boehm et al., 1997; Schoenborn and Wilson, 2007). On the other hand,
TNF

directly induces cell death of the target cells and acts as a pro-inflammatory

cytokine (Wajant et al., 2003).
Nevertheless, TCR triggering does not inevitable result in a protective CTL response.
TCR stimulation in a non-inflammatory microenvironment renders CD8+ T cells
hyporesponsive, i.e. anergic towards antigenic stimulation. This represents a crucial
mechanism to prevent autoimmunity, as described later more detailed. Also, persistent
virus infection with sustained viral load and TCR triggering results in gradual
deterioration of the CTL's functional properties (Frebel et al., 2010). Such dysfunctional
or "exhausted" CD8+ T cells have been observed in humans infected with human
immunodeficiency virus (HIV) (Oxenius et al., 2002; Pantaleo et al., 1997) or hepatitis
5
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C virus (HCV) (Gruener et al., 2001) and in rodents infected with LCMV (Moskophidis
et al., 1993) and are characterized, apart from their dysfunctionality, by the high
expression of inhibitory molecules like PD-1 or LAG-3 (Frebel et al., 2010).

1.2.

DCs are key regulators of T cell responses

DCs, which reside in most lymphoid and non-lymphoid organs, are the main APCs and
play a pivotal role in inducing both T cell immunity and tolerance (Banchereau and
Steinman). DCs are also involved in the early innate immune response by on one hand
directly supporting pathogen elimination, and on the other hand producing chemokines
and pro-inflammatory mediators that promote the recruitment and activation of other
innate cells (Ferlazzo et al., 2002). In this regard, early after pathogen encounter
plasmacytoid DCs (pDCs) and monocyte-derived DCs (moDCs) produce type I IFNs
(Nakano et al., 2001) and TNF (Serbina et al., 2003), respectively. Importantly, DCs
also bridge the innate and adaptive immune system by mediating the initiation of
antigen-specific T cell responses. Classical DCs (cDCs) are divided into CD11b+ and
CD8+ DCs, which are specialized in inducing CD4+ and CD8+ T cell responses,
respectively. Accordingly, gene expression profiling revealed that CD11b+ DCs
preferentially express proteins involved in the MHC class II presentation pathway
(Dudziak et al., 2007). In contrast, CD8+ DCs are specialized for the presentation of
intracellular antigens, like virus encoded proteins, on MHC class I molecules (Dudziak
et al., 2007). In addition, CD8+ DCs, as well as CD103+ DCs that are found in peripheral
tissues and are functionally equivalent to CD8+ DCs, harbour the unique ability to
cross-present exogenous antigens on MHC class I molecules to CD8+ T cells (del Rio
et al., 2007; den Haan et al., 2000). Therefore, CD8+ and CD103+ DCs, play a crucial
role in evoking CD8+ T cell responses. In humans, BDCA3+ DCs, which are found in
the blood, spleen, lymph nodes (LNs) and tonsils, were identified as the equivalent of
murine CD8+ DCs (Bachem et al., 2010; Villadangos and Shortman, 2010).
Following antigen uptake, DCs located in peripheral tissues migrate to the draining LN
(dLN), where they present the antigen, loaded on MHC molecules, to an antigenspecific T cells. The first interaction of an APC with a naive antigen-specific T cell
results in TCR downstream signalling and T cell activation, a process which is also
referred to as T cell priming. Today, it has become clear, that the fate of the newly
primed T cell is determined by the activation status of the presenting DC, as discussed
below.
6
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1.2.1. Direct DC activation via Toll-like receptor triggering
Under steady-state conditions, DCs are characterized as immature cells with superior
capacity to capture and process antigens, limited migratory potential and inability to
induce T cell effector responses (Banchereau and Steinman, 1998). An immature DC
becomes fully activated upon direct interaction of PRRs with PAMPs. Several different
classes of these germline encoded PRRs have been described. Examples include Tolllike receptors (TLRs), NOD-like receptors, RIG-like receptors and C-type lectins, the
former of which are the most extensively described and most relevant for this study.
Members of the TLR family are type I transmembrane proteins consisting of an
extracellular leucine-rich repeat (LRR) domain involved in ligand sensing, a
transmembrane domain and an intracellular Toll-interleukin 1 receptor (TIR) domain
mediating downstream signal transduction. Both humans and mice express TLR1-9
(Kawai and Akira, 2010). Based on their subcellular compartmentalization, TLRs can
be divided into two groups. The first group includes TLR1, TLR2, TLR4, TLR5 and
TLR6, which are expressed on the plasma membrane. These receptors recognize
components exposed on the pathogen's surface like flagellin, lipopolysaccharides and
lipoproteins. The second group of TLRs are expressed within intracellular vesicles and
recognize pathogen derived nucleic acids. TLR3 recognizes double-stranded RNA,
TLR7 and TLR8 interact with single-stranded RNA and TLR9 senses unmethylated
CpG containing DNA (Chaturvedi and Pierce, 2009). TLRs are expressed in a cell type
specific manner. For example, murine CD8+ DCs express TLR1-9, with the exception
of TLR5 and TLR7. In contrast, CD11b+ DCs express TLR5 and TLR7, but lack TLR3
expression (Edwards et al., 2003). Once TLR ligation has occurred, an intracellular
signalling cascade is induced, culminating in the production of pro-inflammatory
cytokines such as IL-12, IL-6 and TNF as well as the production of type I IFNs. In
addition, TLR stimulation upregulates the expression MHC class I and II and induces
the expression of CD40 and of the costimulatory molecules CD80 and CD86 (Kawai
and Akira, 2007). Furthermore, TLR signalling regulates the expression of chemokine
receptors and provokes the DC's migration from peripheral tissues to the dLN
(Bachmann et al., 2006), where they interact with antigen-specific T cells. As such,
TLR stimulation triggers the DC's transition from an immature to an activated functional
state, which is a requirement for a DC to become immunogenic and hence acquire the
ability to induce the development of antigen-specific effector T cells (Joffre et al., 2009).

7
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1.2.2. Indirect DC activation via inflammatory mediators
Apart from direct DC activation via PRR triggering, DCs can also be activated indirectly
via inflammatory mediators produced by other cells that have directly interacted with
pathogens (Joffre et al., 2009; Sporri and Reis e Sousa, 2005). Interestingly, it was
shown that during the course of an infection, the vast majority of DCs becomes
activated in an indirect manner (Yrlid et al., 2001). Apart from pathogen infection, also
other conditions that cause systemic inflammation (e.g. burns and injuries) can lead to
indirect DC activation (Vega-Ramos and Villadangos, 2013). Although indirectly
activated DCs express high surface levels of MHC and costimulatory molecules, they
lack production of pro-inflammatory cytokines (Sporri and Reis e Sousa, 2005). It is
currently unknown whether indirectly activated DCs express immunoregulatory
proteins.
Studies using either bone marrow chimeras or mice selectively lacking TLR signalling
in DCs revealed that most non-hematopoietic or hematopoietic cells that have directly
been activated by single adjuvants are unable to produce sufficient inflammatory
cytokines mediating indirect DC activation (Hou et al., 2008; Joffre et al., 2009; Nolte
et al., 2007). Thus, TLR-stimulated DCs themselves seem to be the primary source of
maturation stimuli conferring indirect DC activation (Hou et al., 2008).
Although it was reported for some inflammatory mediators, as for instance type I IFNs
(Longhi

et

TNF and IL

al.,

2009;

Montoya

et

al.,

2002;

Pantel

et

al.,

2014),

(Winzler et al., 1997), to be involved in modulating DC activation, it

still remains to be determined which cytokines drive indirect DC activation in vivo.
1.2.3. T cell priming by differentially activated DCs
Following antigen uptake, DCs migrate to secondary lymphoid organs to prime naive
T cells recognizing cognate antigen presented on MHC molecules. Depending on their
activation status, DCs provide different signals to naive T cells, which ultimately results
in distinct T cell responses (illustrated in Figure 1).
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Figure 1. Differentially activated DCs induce distinct T cell responses.
While immature DCs induce antigen-specific T cell tolerance, directly activated DCs elicit functional T
cell effector responses. Indirectly activated DCs are unable to induce T cell effector responses. Their
functional role in vivo still remains to be determined.

T cell priming by directly activated DCs:
A growing body of evidence suggest that only directly activated DCs are able to provide
the three signals required to elicit effector T cell responses (Desch et al., 2014; Kratky
et al., 2011; Sporri and Reis e Sousa, 2005). These three signals include cognate
antigen, costimulation and immunomodulatory cytokines (Kalinski et al., 1999; Reis e
Sousa, 2006). The first signal determines the specificity of the response and is
mediated upon engagement of the TCR with antigenic peptide presented on the MHC
(pMHC). This interaction results in the establishment of stable TCR-pMHC complexes,
which cluster at the DC-T cell junction, also referred to as immunological synapse.
Adhesion molecules like ICAM-1 and LFA-1, which are expressed by DCs and T cells
respectively, further stabilize the immunological synapse (Grakoui et al., 1999). The
second signal is delivered by costimulatory molecules expressed by DCs.
Costimulatory molecules, such as CD80 (B7-1) and CD86 (B7-2) that belong to the
B7-superfamily and interact with CD28 expressed on naive T cells. CD28 ligation
induces IL-2 production and IL-2 receptor expression and is required for clonal T cell
expansion (Harding et al., 1992; Jenkins et al., 1991; June et al., 1987). Also, CD40,
which engages CD40L expressed on T cells, is a signal 2 molecule supporting T cell
expansion (Ahonen et al., 2004). The third signal stems from immunomodulatory
9
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mediators, promoting the differentiation of naive T cells into effector cells (Curtsinger
et al., 2003; Curtsinger et al., 2005; Kalinski et al., 1999) . The most extensively studied
signal 3 cytokines are IL-12 and type I IFNs, which were also shown to be required for
CD8+ T cell memory formation (Xiao et al., 2009).
T cell priming by indirectly activated DCs:
Indirectly activated DCs lack production of immunomodulatory cytokines, i.e. are
unable to provide signal 3 to naive T cells, and consequently fail to support either CD4+
or CD8+ T cell effector responses (Desch et al., 2014; Joffre et al., 2009; Kratky et al.,
2011; Sporri and Reis e Sousa, 2005). Further, it was shown that although indirectly
activated DCs support initial proliferation of naive antigen-specific CD8+ T cells, they
are unable to promote CD8+ T cell survival and clonal expansion (Kratky et al., 2011).
Recent studies revealed that indirectly activated DCs retain their ability to present
antigens and to respond to TLR stimuli in vitro (Vega-Ramos et al., 2014). Yet, their
cytokine secretion profile differs from DCs that were not previously exposed to an
inflammatory milieu. As such, these studies revealed that following in vitro LPS
stimulation, DCs that were previously activated by inflammatory cues produce more
IL-6, MIP-1 , MIP-1

and keratinocyte chemomattractant than their immature

counterparts. Therefore, it was suggested that indirectly activated DCs might are
involved in skewing immune responses against pathogens (Vega-Ramos et al., 2014).
On the other hand, it was shown that tolerogenic DCs can be generated by subjecting
immature DCs in vitro to maturation stimuli (Albert et al., 2001; Jiang et al., 2007;
Menges et al., 2002). However, the functional role of in vivo indirectly activated DCs
remains elusive. In particular, it is currently unknown whether endogenous indirectly
activated DCs are able to confer T cell tolerance in vivo.

T cell priming by immature DCs:
Antigen-presenting immature DCs deliver signal 1 to naive T cells in the absence of
strong signal 2 and signal 3. This form of T cell priming results in the generation of
antigen-specific T cell tolerance (Bonifaz et al., 2002; Hawiger et al., 2001; Probst et
al., 2003). Hence, steady-state DCs induce abortive proliferation followed by either the
induction of hyporesponsiveness (anergy) or clonal deletion. It is well-accepted that
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immature DCs present tissue-derived self-antigens and are essential for maintaining
peripheral tolerance (Schwartz, 2003; Steinman and Nussenzweig, 2002).
1.3.

DC-based immunotherapies

Due to the DCs' superior ability to regulate T cell responses, DC-based vaccines have
been developed, aiming to manipulate immune responses in various disease settings
including cancer, infectious diseases and autoimmunity. In principle, DC-based
vaccines can be divided into ex-vivo and in-situ/in-vivo approaches (Palucka and
Banchereau, 2013; Tacken et al., 2007). In the former, autologous DCs, respectively
their precursors, are isolated from patients and subjected in vitro to a maturation
cocktail and additionally loaded with the corresponding peptide prior re-infusion into
the patient. Yet, this approach, which predominantly has been explored in cancer
patients, only showed limited success, meaning that the clinical outcome of most
patients was not improved (Holtl et al., 2002; Kastenmuller et al., 2014; Tacken et al.,
2007). The second approach involves the in situ administration of either untargeted
antigens, which are being taken up unspecifically by endocytosing APCs (Cho et al.,
2000; Lori et al., 2005), or the administration of antigens which have been coupled to
antibodies, mediating specific antigen delivery to different DC subsets. For this
purpose, endocytic receptors expressed on the DC's surface are targeted, which
subsequently route the engulfed antigens into the MHC I or II presentation pathway
(Kastenmuller et al., 2014). Since with this approach, the model antigen is specifically
targeted to DCs, this method allows to reduce the vaccination dosage substantially
(Bonifaz et al., 2002) and the efficient induction of CD4+ T cell or CTL responses, the
latter of which might be highly desirable for the treatment of infectious or malignant
diseases. CD8+ DCs have been regarded as an attractive target for DC-based
immunotherapies, as they harbour the unique ability of cross-presenting exogenous
peptides to CD8+ T cells (Kastenmuller et al., 2014; Kreutz et al., 2013; Palucka and
Banchereau, 2013). Thus, antigens have been linked to antibodies (or ligands)
recognizing receptors expressed by CD8+ DCs, including Clec9A (Picco et al., 2014;
Sancho et al., 2008), DEC-205 (Dudziak et al., 2007; Flynn et al., 2011), Langerin
(Idoyaga et al., 2011) and XCR1 (Hartung et al., 2015) to elicit antigen-specific CTL
responses.
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1.3.1. Antigen targeting to Clec9A+ DCs
The endocytic C-type lectin receptor Clec9A (also known as DNGR-1) was identified
as a common marker of murine CD8+ and CD103+ DCs as well as of human BDCA3+
DCs (Huysamen et al., 2008; Poulin et al., 2012; Poulin et al., 2010). It was shown that
Clec9A binds to dead cell associated antigens (Ahrens et al., 2012; Sancho et al.,
2009) and promotes the uptake and cross-presentation of exogenous antigens
(Sancho et al., 2009; Zelenay et al., 2012).
In contrast to most targeting receptors studied so far, Clec9A is only expressed by the
cross-presenting CD8+ (CD103+) DC subset and to a lower degree by pDCs, but not
by any other cell type (Caminschi et al., 2008; Sancho et al., 2008). This highly
selective Clec9A expression is also mirrored in the human system (Huysamen et al.,
2008; Poulin et al., 2012; Poulin et al., 2010). Several studies have shown that Clec9A
targeting results in the internalization of the Clec9A:anti-Clec9A complex, which is
followed by the presentation of the model antigen on both MHC class I and II molecules
(Caminschi et al., 2008; Joffre et al., 2010; Sancho et al., 2008). Therefore, due to its
unique expression pattern, the identification of its human orthologue and its ability to
efficiently induce T cell immunity, Clec9A has become a highly promising target for
clinical application, opening up new avenues for manipulating the adaptive arm of
immunity (Kastenmuller et al., 2014; Shortman et al., 2009). Targeting tumor antigens,
along with DC activation agents to Clec9A+ DCs allowed to induce tumor-specific CTL
responses and tumour rejection (Picco et al., 2014; Sancho et al., 2008). Moreover, it
became evident that Clec9A targeting also allows to evoke humoral immunity in both
mice and non-human primates (Kato et al., 2015; Li et al., 2015). So far, however, it
still remains to be determined whether Clec9A can also serve as a target to induce
specific CD8+ T cell tolerance.
1.3.2. Induction of peripheral CD8+ T cell tolerance by targeted antigen delivery
Self-specific T cells present in the periphery might cause, when properly activated,
induction of autoimmunity. Since unmet medical need still persists for some
autoimmune diseases (Chang, 2014), like multiple sclerosis (McFarland and Martin,
2007), it might an attractive approach to induce antigen-specific T cell tolerance via
DC-based immunotherapies. Indeed, recent studies revealed that antigen targeting to
immature DEC-205+ DCs enables to specifically induce T cell tolerance (Bonifaz et al.,
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2002; Hawiger et al., 2001) and to ameliorate the course of a T cell-mediated
autoimmune disease (Idoyaga et al., 2013; Mahnke et al., 2016; Wadwa et al., 2016).
Interestingly, several lines of evidence suggested that in vitro matured DCs are not
always immunogenic, yet can in some instances render T cells hyporesponsive (Albert
et al., 2001; Jiang et al., 2007; Menges et al., 2002). Investigating whether antigen
targeting to indirectly activated DCs can be exploited to induce peripheral T cell
tolerance, is a major goal of this thesis, as discussed below.
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1.4.

Aims of the Ph.D. thesis

Inflammation is an innate immune response regulating a variety cellular processes
including indirect DC activation. Nonetheless, the functional role of endogenous DCs
activated by an inflammatory milieu remains unknown. Further, it is currently elusive
which inflammatory mediators drive in vivo indirect DC activation. On the other hand,
enormous advances in the field of DC-based vaccines have been made in the past
decade and several receptors expressed by DCs were identified that mediate the
uptake of model antigens and their subsequent presentation. In particular, the receptor
Clec9A was identified, which is selectively expressed by murine cross-presenting CD8+
DCs and their human equivalents.
In the first part of this study, we investigated whether Clec9A+ DCs are activated
indirectly in response to TLR7 agonists and sought to determine inflammatory
mediators driving this mode of DC activation. Further, we aimed to unveil whether
indirectly activated Clec9A+ DCs express immunoregulatory proteins. We demonstrate
that Clec9A+ DCs lack TLR7 expression and consequently are activated in an indirect
manner upon in vivo administration of TLR7 agonists. Our data suggest that while
these indirectly activated DCs lack the production of pro-inflammatory mediators, they
exhibit a high expression of immunoregulatory proteins. In addition, we were able to
specify the cytokines mediating indirect DC activation in vivo.
The second part of the study was dedicated to the production and testing anti-Clec9A
antibodies containing the model antigen gp33 (immunodominant CTL epitope from the
LCMV glycoprotein). Thus, we produced these hybrid antibodies and show that they
enable to specifically target gp33 to Clec9A+ DCs in vivo.
In the last part, we aimed to target gp33 to indirectly activated Clec9A+ DCs and to
investigate their capacity to induce specific CTL responses or antigen-specific CD8+ T
cell tolerance. We also addressed the question whether this targeting strategy can be
exploited to protect from a T cell-mediated autoimmune disease. Our results
demonstrate that indirectly activated Clec9A+ DCs fail to support CD8+ T cell effector
responses, yet induce antigen-specific T cell tolerance in vivo. Nevertheless, the data
presented here indicate that indirectly activated Clec9A+ DCs are not able to protect
from a T cell-mediated autoimmune disease, at least in our experimental setting.
This thesis therefore gives new insights into the functional properties of endogenous
DCs activated by inflammatory cues and bears practical implications for the design of
novel immunotherapies.
14
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2.1.

Summary

In both mice and humans, cDCs comprise Clec9A- and Clec9A+ DCs, the latter of which
are specialized in presenting antigens to CD8+ T cells and thus are regarded as an
attractive target for the development of DC-based vaccines, aiming at manipulating
cytotoxic T cell responses. Nonetheless, only few studies characterized Clec9A- and
Clec9A+ DCs in respect of their TLR expression and their ability to respond to TLR
stimuli. Our data reveal that TLR7, which is an innate receptor sensing single-stranded
RNAs, is preferentially expressed by Clec9A- DCs and not by Clec9A+ DCs. As a
consequence, administration of the TLR7 agonist R848 in vivo leads to the indirect
activation of Clec9A+ DCs, reflected by upregulation of expression of CD40 and the
costimulatory molecules CD80 and CD86 on Clec9A+ DCs, but failure to induce
expression of pro-inflammatory cytokines, such as IL-12 and TNF . Our data further
suggest that although indirect DC activation fails to induce the production of proinflammatory cytokines, this mode of DC activation upregulates the expression of
immunoregulatory proteins, such as PD-L1 and IL-10. As previously published data
revealed that indirectly activated DCs are unable to induce CD4+ or CD8+ effector T
cell responses, it is tempting to speculate that immunoregulatory proteins, in the
absence of pro-inflammatory cytokines, confer tolerogenic properties to indirectly
activated DCs. In addition, we provide evidence that type I IFNs and TNF are involved
in mediating the indirect activation of Clec9A+ DCs in vivo. Our data thus provide new
insights into the activation requirements of Clec9A+ DC and hence, hold practical
implications for the development of DC-based vaccines.
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Introduction

DCs are the main antigen presenting cells and play a pivotal role in inducing both T
cell immunity and tolerance (Banchereau and Steinman). It has become well-accepted
that the fate of the newly primed T cell is largely determined by the activation status of
the antigen presenting DCs. Under steady state conditions, DCs occur as immature
DCs characterized by the superior capacity to capture and process antigens and
limited migratory potential. As antigen presentation by immature DCs results in the
induction of antigen-specific T cell tolerance, these DCs play a crucial role in
maintaining peripheral tolerance and protecting from autoimmune immune responses
(Schwartz, 2003; Steinman and Nussenzweig, 2002). The DCs' transition from an
immature to an activated functional state is triggered upon direct interaction of PRRs,
as for instance TLRs, with PAMPs. Engagement of pathogen-derived compounds with
PRRs induces downstream signalling, resulting in the production of pro-inflammatory
cytokines such as IL-12p40, TNF

and type I IFNs. In addition, TLR stimulation

upregulates the expression of MHC class I and II

molecules and induces the

expression of CD40 and the costimulatory proteins CD80 and CD86 (Kawai and Akira,
2007). Therefore, such directly activated DCs are able to provide the three signals
required to elicit T cell effector responses. Besides becoming activated directly via
PRR triggering, an immature DC can also be activated in an indirect manner by
inflammatory mediators produced by other cells exposed to pathogens. Indirectly
activated DCs, as directly activated DCs, upregulate their expression of costimulatory
molecules, yet lack production of pro-inflammatory molecules (Joffre et al., 2009;
Sporri and Reis e Sousa). Of note, previous published data revealed that indirectly
activated DCs fail to support the induction of effector T cell responses (Desch et al.,
2014; Joffre et al., 2009; Kratky et al., 2011; Sporri and Reis e Sousa, 2005).
Nevertheless, it remains unknown whether indirectly activated DCs express
immunoregulatory molecules and whether such DCs are able to induce T cell
tolerance. Further, it still needs to be determined, which cytokines have the potential
of mediating in vivo this indirect mode of DC activation.
cDCs comprise CD11b+ and CD8+ DCs, which are specialized in supporting CD4+ and
CD8+ T cell responses, respectively. In this line, gene expression profiling
demonstrated that while CD11b+ DCs preferentially express gene products involved in
the MHC class II presentation pathway, CD8+ DCs are specialized for the presentation
of intracellular antigens on MHC class I molecules (Dudziak et al., 2007). In addition,
17
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CD8+ DCs harbour the unique ability of cross-presenting exogenous antigens on MHC
class I molecules (del Rio et al., 2007; den Haan et al., 2000). Accordingly, CD8+ DCs,
as well as their equivalents CD103+ DCs found in peripheral tissues, play a pivotal role
in eliciting functional CD8+ T cell responses. In humans, BDCA3+ DCs present in most
secondary lymphoid organs, have been identified to be the human equivalents of
murine CD8+, respectively CD103+, DCs (Bachem et al., 2010; Villadangos and
Shortman, 2010). Of importance, the endocytic C-type lectin receptor Clec9A (also
known as DNGR-1) was designated as an unifying marker of murine CD8+ and CD103+
DCs as well as of human BDCA3+ DCs (Huysamen et al., 2008; Poulin et al., 2012;
Poulin et al., 2010). Although expressed at lower levels by pDCs, Clec9A is not
expressed by any other cell type and therefore specifically identifies a particular DC
subsets present in both mice and humans. Clec9A recognizes the dead cell associated
antigen F-actin (Ahrens et al., 2012; Sancho et al., 2009) and enhances endocytosis
and cross-presentation of exogenous antigens (Sancho et al., 2009; Zelenay et al.,
2012). Therefore, Clec9A is currently regarded as an attractive target for the
development of novel DC-based vaccines, aiming of specifically targeting model
antigens via hybrid antibodies to Clec9A+ DCs and manipulate CD8+ T cell responses,
which might be highly desirable in various disease settings including cancer, infectious
diseases and autoimmunity (Kastenmuller et al., 2014; Shortman et al., 2009). Of
importance, when designing such DC-based vaccines, careful consideration should be
taken in choosing an appropriate adjuvant co-administered with the targeting antibody
to ensure that the targeted DC subset is properly activated and an optimal T cell
response is induced. During this study, we aimed to analyse TLR7 expression in
Clec9A- and Clec9A+ DCs and to investigate the ability of the TLR7 agonist R848 to
activate these DC subsets. In addition, we strived to identify inflammatory mediators
driving indirect activation of Clec9A+ DCs in vivo.
Our results indicate that Clec9A+ DCs, contrary to Clec9A- DCs, lack TLR7 expression
and are thus activated in an indirect manner by the TLR7 agonist R848. Interestingly,
we found that in vivo administration of R848 upregulates the expression of
immunoregulatory proteins on both Clec9A- and Clec9A+ DCs. In addition, we were
able to identify type I IFNs and TNF to be relevant mediators of indirect DC activation
in vivo. Thus, our data give new insights into the biology of Clec9A+ DCs and bear
practical implication for the design of DC-based vaccines.
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Results

2.3.1. Differential expression of TLR7 in Clec9A- and Clec9A+ DCs
Previously published data revealed that CD8+ DCs lack TLR7 expression and that
TLR7 ligands fail to induce IL12p40 and TNF production in this DC subset (Doxsee
et al., 2003; Edwards et al., 2003). We therefore hypothesized that analogously,
Clec9A+ DCs are activated in an indirect manner by TLR7 agonists. We thus set out to
analyse TLR7 expression in Clec9A- and Clec9A+ DCs under steady-state and
inflammatory conditions. For this purpose, 8 hours following intravenous (i.v.)
treatment with 10 g R848 (TLR7 agonist) or 50 g CpG (TLR9 agonist), mice were
sacrificed and splenic DCs were sorted into Clec9A- and Clec9A+ DCs and TLR7
expression levels were determined. In addition, Clec9A expression of sorted Clec9A and Clec9A+ DCs was analysed. We confirmed the quality of the sort by flow cytometry
(Supplementary Figure 2.1.) and confirmed found that TLR7 is expressed by Clec9ADCs under both steady-state and inflammatory conditions (Figure 2.1.A.). In addition,
in line with recently published data (Ardouin et al., 2016), our data show that Clec9A is
not upregulated in Clec9A- DCs under inflammatory conditions and instead
inflammation causes the receptor’s downregulation in Clec9A + DCs (Figure 2.1.B.).
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Figure 2.1. TLR7 is preferentially expressed by Clec9A- DCs.
Wt-B6 mice were sacrificed 8 hours after i.v. stimulation with R848 or CpG and splenic DCs were
sorted into Clec9A- and Clec9A+ DCs. The RNA was isolated from these DC subsets and the
expression of TLR7 (A), respectively Clec9A (B) was analysed by qPCR. The expression of the
housekeeping gene -actin was used for normalization. Data are shown as mean ± SEM and from
three pooled independent experiments.

2.3.2. Clec9A+ DCs are activated indirectly by the TLR7 agonist R848
Gene expression profiling revealed that TLR7 is preferentially expressed by Clec9ADCs and not by Clec9A+ DCs (Figure 2.1.). Consequently, we investigated whether
treatment with a TLR7 agonist induces the indirect activation of Clec9A+ DCs. As TLR9
is expressed in both Clec9A- and Clec9A+ DCs (Edwards et al., 2003), we employed
CpG, which is a TLR9 agonist, to ensure that both DC subsets are able to produce
pro-inflammatory cytokines. Thus, 10 g R848 or 50 g CpG was injected systemically
into wt-B6 and the expression of CD40 and the costimulatory molecules CD80 and
CD86 was analysed on both splenic Clec9A- and Clec9A+ DCs 8 hours after treatment.
Our data clearly indicate that both adjuvants, R848 as well as CpG, induce the
expression of CD40, CD80 and CD86 on both splenic Clec9A- and Clec9A+ DCs
(Figure 2.2.A.-C.). To assess the production of the pro-inflammatory cytokines IL12p40
and TNF by intracellular staining, splenocytes of wt-B6 mice were isolated 3 hours
after systemic treatment with 10 g R848 or 50 g CpG and incubated for 3 more hours
in vitro at 37°C in the presence of 2 M Monensin A and 10 g/ml Brefeldin A. These
reagents prevent the cellular release of pro-inflammatory mediators and thus allow that
cytokines like IL-12 and TNF can be detected by intracellular staining. Nonetheless,
we found that after this incubation time DCs could no longer be separated into a
Clec9A- and a Clec9A+ subset (data not shown). As a consequence, Clec9A-GFP
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reporter mice (described in Sancho et al., 2009) were employed to study the production
of IL12p40 and TNF in Clec9A- and Clec9A+ DCs following systemic stimulation with
10 g R848 or 50 g CpG. Strikingly, we found that R848 induces IL12p40 and TNF
production in Clec9A- DCs, but not in Clec9A+ DCs. In contrast, the data reveal that
both DC subsets produce IL12p40 and TNF in response to CpG (Figure 2.2.D. and
Supplementary Figure 2.2.), suggesting that Clec9A+ DCs are able to produce these
pro-inflammatory cytokines. We next investigated whether the observed pattern of DC
activation was dependent on the administration route chosen to apply the adjuvants
and whether the results could be confirmed upon subcutaneous (s.c.) administration
of R848, respectively CpG. To this end, 10 g R848 or 5 g CpG was injected s.c. into
the hind foot pad and the expression of costimulatory molecules as well as proinflammatory cytokines was determined in Clec9A- and Clec9A+ DCs isolated from the
dLN. In accordance with previous results, we detected an elavated expression of
costimulatory molecules in both Clec9A- and Clec9A+ DCs in reponse to R848
(Supplementary Figure 2.3 A.-C.), but IL12p40 production solely in Clec9A- DCs. In
contrast, s.c. application of CpG induced IL12p40 expression in both Clec9A- and
Clec9A+ DCs (Supplementary Figure 2.3.D.). Thus, our data indicate that systemic or
local administration of the TLR7 agonist R848 induces the expression of costimulatory
molecules, but not the production of pro-inflammatory cytokines in Clec9A+ DCs. This
lack of IL12p40 and TNF

production cannot be assigned to a general inability of

Clec9A+ DCs to produce pro-inflammatory cytokines, as direct TLR engagement via
CpG efficiently induced IL12p40 and TNF production in Clec9A+ DCs. Therefore, our
data underline that following administration of a TLR7 agonist, Clec9A + DCs are
activated indirectly via inflammatory mediators produced by other TLR7-engaged cells.
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Figure 2.2. The TLR7 agonist R848 induces the indirect activation of Clec9A+ DCs.
(A-C) Splenocytes were isolated 8 hours after i.v. administration of R848 or CpG and the expression
of CD40, CD80 and CD86 was analysed in Clec9A- and Clec9A+ DCs by flow cytometry.
Representative histograms (left) and quantified MFI levels (right) of CD40 (A), CD80 (B) and CD86
(C) is shown as mean ± SEM of n=10 mice pooled from two independent experiments; n.s., not
significant; *p<0.05, **p<0.01; ***p<0.01; ****p<0.001; (2-tailed unpaired t test).
(D) Clec9A-GFP mice were stimulated i.v. with R848 or CpG. Then, 3 hours later, splenocytes were
isolated and IL12p40 expression was analysed. Representative contour plots of IL12p40 staining in
Clec9A- and Clec9A+ DCs (left) as well as percent IL12p40+ of Clec9A- and Clec9A+ DCs is shown as
mean ± SEM of n=9-10 mice pooled from three independent experiments; n.s., not significant;
****p<0.001; (2-tailed unpaired t test).

2.3.3. Indirectly activated DCs express immunoregulatory proteins
Previously published data showed that indirectly activated DCs lack production of proinflammatory cytokines (Sporri and Reis e Sousa, 2005). Nevertheless, it remains
unknown whether indirectly activated DCs express immunoregulatory proteins. To gain
further insights into the characteristics of differentially activated DCs, we thus
investigated whether directly or indirectly activated DCs express immunoregulatory
proteins such as PD-L1 and IL-10, which are well known to suppress inflammatory T
cell responses (Francisco et al., 2010; Moore et al., 2001). To this end, mice were
stimulated i.v. with 10 g R848 or 50 g CpG and splenocytes were isolated 8 hours
post treatment. Thereafter, PD-L1 expression was analysed in Clec9A- and Clec9A+
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DCs by flow cytometry, respectively IL-10 expression in sorted Clec9A- and Clec9A+
DCs was assessed by qPCR. Interestingly, both Clec9A- and Clec9A+ DCs exhibited
an increased expression of PD-L1 in response to R848 or CpG (Figure 2.3.A.). Further,
the results indicate that IL-10 expression is increased in both DC subsets in response
to R848 or CpG, although the data does not reach significance (Figure 2.3.B.). As
such, we conclude that while directly activated DCs express both pro-inflammatory and
inhibitory proteins, indirectly activated DCs lack production of pro-inflammatory
cytokines but still produce immunoregulatory proteins, including PD-L1 and probably
also IL-10.

Figure 2.3. Indirectly activated Clec9A+ DCs express immunoregulatory proteins.
(A and B) Wt-B6 mice were stimulated i.v. with R848 or CpG and sacrified 8 hours after treatment.
(A) Representative histograms (left) and quantified MFI levels (right) of PD-L1 is shown as mean ±
SEM of n=5 mice from one experiment; n.s., not significant; ****p<0.001; (2-tailed unpaired t test). (B)
Splenic DCs were sorted into Clec9A- and Clec9A+ DCs. The RNA was isolated from these DC
subsets and the expression of IL-10 was analysed by qPCR. The expression of the housekeeping
gene -actin expression was used for normalization. Data are shown as mean ± SEM and from two
pooled independent experiments; *p<0.05; (2-tailed unpaired t test).
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2.3.4. Type I IFNs and TNF partially mediate indirect DC activation in vivo
Most non-hematopoietic and hematopoietic cells are unable of producing sufficient
maturation stimuli to induce paracrine DC activation in vivo (Hou et al., 2008; Joffre et
al., 2009; Nolte et al., 2007). Accordingly, published data suggested that TLR-triggered
DCs themselves are the primary source of inflammatory mediators driving indirect DC
activation (Hou et al., 2008). Inflammatory mediators driving in vivo indirect DC
activation, however, still need to be identified. As TLR-triggered DCs produce type I
IFNs, TNF (also referred to as TNF), IL-12 and bioactive IL-15 (Joffre et al., 2009;
Morelli et al., 2001), we set out to determine whether these cytokines are involved in
mediating in vivo the indirect activation of Clec9A+ DCs induced by R848. We thus
stimulated wt-B6, Ifnar1-/-, Tnf-/-, IL-12Rb2-/- or IL-15-/- mice i.v. with 10 g R848 and
analysed the expression of CD40, CD80 and CD86 on both Clec9A- and Clec9A+ DCs
after 8 hours of treatment. Remarkably, R848 induced expression of CD86 was
reduced in both Clec9A- and Clec9A+ DCs derived from Ifnar1-/- mice compared to their
wt-B6 counterparts (Figure 2.4.A.). Similar data was obtained for CD40 and CD80
(data not shown). Further, R848 triggered maturation of Clec9A+ DCs was impaired in
the absence of TNF (Figure 2.4.B.). In contrast, TNF

deficiency did not affect

phenotypic maturation of Clec9A- DCs (Figure 2.4.B.). On the other hand, abrogated
IL-12 or IL-15 signalling did not alter the maturation of either Clec9A- or Clec9A+ DCs
induced by R848 (data not shown). Taken together, these data emphasize that type I
IFNs are not only involved in mediating the indirect activation of Clec9A + DCs in vivo,
but also support the direct activation of Clec9A - DCs induced by R848. Further, we
conclude that opposed to IL-12 and IL-15, TNF seems to partially mediate in vivo the
indirect activation of Clec9A+ DCs in response to R848.
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Figure 2.4. Type I IFNs and TNF

partially mediate the indirect activation of Clec9A+ DCs

induced by the TLR7 agonist R848.
(A-B) Splenocytes from wt-B6, Ifnar1-/- or Tnf-/- mice were isolated 8 hours after i.v. stimulation with
R848. Expression of the CD86 was then analysed in Clec9A- and Clec9A+ DCs by flow cytometry. (A)
Representative histograms (left) and quantified MFI levels (right) of CD86 is shown as mean ± SEM
of n=6 mice pooled from two independent experiments; n.s., not significant; **p<0.01; ****p<0.001;
(2-tailed unpaired t test). (B) Representative histograms (left) and quantified MFI levels (right) of CD86
is shown as mean ± SEM of n=9 mice pooled from three independent experiments; n.s., not
significant; **p<0.01; ****p<0.001; (2-tailed unpaired t test).
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2.4.

Discussion

Classical DCs (cDCs) comprise CD11b+ and CD8+ DCs, which are potent inducers of
CD4+ and CD8+ T cell responses, respectively (Dudziak et al., 2007). As the C type
lectin receptor Clec9A is exclusively expressed by CD8+ DCs as well as their human
equivalents, Clec9A+ DCs have become a particularly promising target for the
development of DC-based vaccines (Kastenmuller et al., 2014; Shortman et al., 2009).
Nevertheless, only few studies have directly characterized the expression of TLRs in
Clec9A- and Clec9A+ DCs and the ability of these DC subsets to respond to different
TLR ligands. Interestingly, our data reveal that TLR7, which is localized within
intracellular vesicles and recognizes single-stranded RNAs derived from viruses
(Chaturvedi and Pierce, 2009), is preferentially expressed by Clec9A- DCs and not by
Clec9A+ DCs under both naive and inflammatory conditions. Further, our data suggest
that Clec9A is not upregulated in Clec9A- DCs under inflammatory conditions, but
instead Clec9A expression is being shut down upon inflammation, which is in line with
recently published data (Ardouin et al., 2016). As Clec9A is an endocytic receptor
mediating the uptake of exogenous antigens (Caminschi et al., 2008; Sancho et al.,
2008), it seems conceivable that Clec9A downregulation is part of the changes that a
DC undergoes when it matures and converts from a cell specialized at capturing
antigens to a cell specialized at interacting with T cells. Irrespectively, our data highlight
that TLR7 expression is restricted to Clec9A- DCs and suggest that Clec9A+ DCs are
activated in an indirect manner upon in vivo administration of the TLR7 ligand R848.
Indeed, either systemic or local administration of the synthetic TLR7 agonist R848
upregulated the expression of CD40 and the costimulatory molecules CD80 and CD86,
on the cell surface of Clec9A+ DCs, but failed to induce the production of proinflammatory cytokines, including IL-12 and TNF in this DC subset. As published data
indicate that Clec9A+ DCs express TLR9 (Edwards et al., 2003), we stimulated mice
alternatively with the TLR9 agonist CpG and confirmed that when properly activated,
Clec9A+ DCs readily produce IL-12 and TNF , emphasizing that the lack of IL-12 and
TNF

production observed in response to treatment with the TLR7 agonist R848

cannot be assigned to a general disability of Clec9A+ DCs to produce pro-inflammatory
cytokines. Therefore, we conclude that systemic or local administration of the TLR7
agonist R848 results in the indirect activation of Clec9A+ DCs in vivo, which should be
taken into consideration when designing DC-based vaccines, aiming to target model
antigens to Clec9A+ DCs and to evoke with this approach specific T cell immunity.
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Although published data revealed that during the course of an infection the vast
majority of DCs is activated in a paracrine manner (Yrlid et al., 2001), indirectly
activated DCs are only poorly characterized. In particular, it remains unknown whether
indirectly activated DCs express immunoregulatory proteins and exhibit regulatory
functions. Interestingly, our results propose that while indirect DC activation fails to
induce the production of pro-inflammatory cytokines, it readily upregulates the
expression of immunoregulatory proteins such as PD-L1 and probably also IL-10. As
indirectly activated DCs are incapable of inducing CD4+ or CD8+ T cell effector
responses (Desch et al., 2014; Kratky et al., 2011; Sporri and Reis e Sousa, 2005), it
is tempting to speculate that immunoregulatory proteins, in the absence of proinflammatory cytokines, can endow indirectly activated DCs with tolerogenic
properties. It would be interesting to further investigate whether indirectly activated
DCs express, apart from PD-L1 and IL-10, also other immunoregulatory molecules
such as for instance PD-L2 and TGF- . Further, it would be worth analysing whether
indirectly activated DCs are tolerogenic and hence, are able to confer T cell tolerance.
Our data provide evidence that both type I IFNs as well as TNF

are partially

responsible for mediating this indirect mode of DC activation in vivo. In contrast, neither
IL-12 nor IL-15 seems to be involved in mediating paracrine DC activation. It would be
interesting to assess whether type I IFNs and TNF

are solely responsible for

mediating the indirect activation Clec9A+ DCs in vivo or whether also additional DCderived factors, such as IL-1 or GM-CSF, are involved in mediating paracrine DC
activation.
In this study we demonstrate that Clec9A+ DCs are activated in an indirect manner
upon in vivo administration of the TLR7 agonist R848. To show that in vivo application
of a TLR7 ligand generally leads to the indirect activation of Clec9A+ DCs, and is not a
unique feature of R848, it might be worth to treat mice with another TLR7 agonist, such
as R837, and to analyse the expression of costimulatory and pro-inflammatory
molecules in Clec9A+ DCs upon R837 stimulation. Also, it should be noted that R848
is not a specific TLR7 ligand, but also engages with TLR8. Nevertheless, TLR8-specific
effects can be excluded, since murine TLR8 has been shown to be non-functional
(Takeda and Akira, 2005).
Taken together, our data provide evidence that TLR7 is preferentially expressed by
Clec9A- DCs and that consequently Clec9A+ DCs are activated in an indirect manner
upon in vivo administration of the TLR7 agonist R848. Interestingly, we found that
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although indirectly activated Clec9A+ DCs lack production of pro-inflammatory
cytokines, they readily express immunoregulatory proteins. In addition, our results
indicate that type I IFNs and TNF are cytokines mediating the indirect activation of
Clec9A+ DCs in vivo. Thus, our data deepen our current knowledge on the biology of
Clec9A+ DCs and bear practical implication for the generation of DC-based vaccines.
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Supplementary information

Supplementary Figure 2.1. Splenic DCs were sorted into Clec9A- and Clec9A+ DCs.
Wt-B6 mice were sacrificed 8 hours after i.v. stimulation with R848 or CpG and splenic DCs were sorted
into Clec9A- and Clec9A+ DCs. The quality of the sort was confirmed by flow cytometry. Representative
dot plots are shown from one out of three independent experiments.
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Supplementary Figure 2.2. The TLR7 agonist R848 induces TNF

production only in Clec9A-

DCs.
Clec9A-GFP mice were stimulated i.v. with R848 or CpG. Then, 3 hours later, splenocytes were
isolated and expression of TNF

was analysed. Representative contour plots of TNF

Clec9A- and Clec9A+ DCs (left) as well as percent TNF

staining in

of Clec9A- or Clec9A+ DCs is shown as

mean ± SEM of n=9-10 mice pooled from three independent experiments; n.s., not significant;
**p<0.01; ***p<0.01; ****p<0.001; (2-tailed unpaired t test).
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Supplementary Figure 2.3. The TLR7 agonist R848 induces the indirect activation of Clec9A+
DCs.
(A-C) dLNs were isolated 8 hours after s.c. administration of R848 or CpG and the expression of
CD40, CD80 and CD86 was analysed in Clec9A- and Clec9A+ DCs by flow cytometry. Representative
histograms (left) and quantified MFI levels (right) of CD40 (A), CD80 (B) and CD86 (C) is shown as
mean ± SEM of n=6 mice pooled from two independent experiments; n.s., not significant; *p<0.05,
**p<0.01; ***p<0.01; ****p<0.001; (2-tailed unpaired t test).
(D) Clec9A-GFP mice were stimulated s.c. with R848 or CpG. Then, 3 hours later, dLNs were isolated
and the expression of IL12p40 was analysed. Representative contour plots of IL12p40 staining in
Clec9A- and Clec9A+ DCs (left) as well as percent IL12p40+ of Clec9A-or Clec9A+ DCs is shown as
mean ± SEM of n=6-7 mice pooled from two independent experiments; n.s., not significant; ***p<0.01;
****p<0.001; (2-tailed unpaired t test).
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Summary

In both mice and humans, Clec9A+ DCs harbour the unique ability of cross-presenting
exogenous antigens to CD8+ T cells. Therefore, this DC subset is currently regarded
as a promising target for the development of DC-based immunotherapies, aiming at
manipulating cytotoxic T cell responses. To investigate the capacity of differentially
activated Clec9A+ DCs to induce T cell immunity or T cell tolerance we sought to
produce anti-Clec9A hybrid antibodies allowing us to specifically target a model
antigen to Clec9A+ DCs in vivo. In this thesis, we further ultimately aimed to analyse
the ability of indirectly activated Clec9A+ DCs to protect from a T cell-mediated
autoimmune disease. RIP-GP mice represent a well-established murine model to study
autoimmune diabetes and express the LCMV glycoprotein (LCMV-GP), which is
frequently used as a model antigen, in the -islet cells of the pancreas. Due to the lack
of central tolerance towards LCMV-GP, these mice harbour LCMV-GP specific T cells
in their periphery and consequently develop autoimmune diabetes upon infection with
LCMV. Therefore, RIP-GP mice are useful to analyse the ability of indirectly activated
Clec9A+ DCs to tolerise T cells present in the periphery and to protect from a T cellmediated autoimmune disease. In this part of the thesis, we thus aimed to produce
anti-Clec9A hybrid antibodies in such a manner that they provide a mean to test the
capacity of indirectly activated Clec9A+ DCs to protect RIP-GP mice from autoimmune
diabetes. It must be noted that although RIP-GP mice represent a well-established
model to study type I diabetes, the sequence of LCMV-GP encoded by RIP-GP mice
remains unknown. To ensure that the model antigen, which is targeted to Clec9A+ DCs,
corresponds to the LCMV-GP expressed by RIP-GP mice, we thus sequenced LCMVGP encoded by RIP-GP prior to generating anti-Clec9A hybrid antibodies. After
confirmation that RIP-GP mice express the entire LCMV-GP of the WE strain, we set
out to produce anti-Clec9A hybrid antibodies containing the full-length LCMV-GP
peptide (WE strain), which were, however, not expressed by HEK293T or CHO-S cells.
Therefore, we sought to generate anti-Clec9A hybrid antibodies by genetically fusing
single or multiple MHC class I-restricted LCMV-GP epitopes as encoded in the RIPGP mice to the C-terminus of anti-Clec9A (clone 397) and isotype control. Prior to
generating the hybrid antibodies, we tested whether induction of gp33-specific CD8+ T
cell tolerance would be sufficient to protect RIP-GP mice from autoimmune diabetes.
Interestingly, our results propose that induction of gp33-specific CD8+ T cell tolerance
is sufficient to protect these mice from hyperglycemia. Thus, we generated targeting
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antibodies by genetically fusing the model antigen gp33 to the C-terminus of antiClec9A (clone 397). We produced and purified these hybrid antibodies, but found that
they are predominantly taken up unspecifically by endocytosing APCs and hence, do
not allow to specifically target the model antigen gp33 to Clec9A + DCs. Therefore, in a
second approach, we produced anti-Clec9A hybrid antibodies by chemically coupling
the model antigen gp33 to anti-Clec9A (clone 7H11). The data demonstrate that these
anti-Clec9A-gp33 (clone 7H11) hybrid antibodies created by chemical coupling allow
to target the model antigen gp33 specifically to Clec9A+ DCs in vivo. In addition, our
data show that binding of anti-Clec9A-gp33 (clone 7H11) to Clec9A+ DCs per se does
not alter the DCs' activation status. Hence, we have produced hybrid antibodies, which
provide a mean to analyse the ability of differentially activated Clec9A+ DCs to regulate
CD8+ T cell responses and to potentially protect RIP-GP mice from autoimmune
diabetes.
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Introduction

DCs play a pivotal role in inducing both T cell immunity as well as T cell tolerance.
Therefore, DC-based vaccines have been developed, aiming to manipulate adaptive
immune responses in various disease settings including cancer, infectious diseases
and autoimmunity. To this end, antigens, as for instance tumour antigens, were linked
to antibodies targeting specific DC subsets. These hybrid antibodies usually target
endocytic receptors expressed on the DC's cell surface, as for example Clec9A, DEC205 (Dudziak et al., 2007; Flynn et al., 2011) and XCR1 (Hartung et al., 2015), which
mediate the uptake of exogenous antigens and subsequently route the engulfed
antigens to the MHC class I or II presentation pathway (Kastenmuller et al., 2014) and
thus enhance T cell responses. In particular, the C-type lectin receptor Clec9A is
currently regarded as highly promising for potential clinical application (Kastenmuller
et al., 2014; Shortman et al., 2009), owing to its selective expression on CD8+ DCs and
their human equivalents (BDCA3+ DCs), which harbour the unique ability of crosspresenting exogenous antigens to CD8+ T cells (Caminschi et al., 2008; Huysamen et
al., 2008; Poulin et al., 2012; Poulin et al., 2010; Sancho et al., 2008). Hence, antiClec9A hybrid antibodies have been generated to target tumour antigens, together with
DC activation agents (e.g. poly I:C and agonistic anti-CD40 antibody), to Clec9A+ DCs.
This approach allowed to induce tumour specific CD8 + T cell responses and tumour
regression (Picco et al., 2014; Sancho et al., 2008). So far, however, it remains
unknown whether anti-Clec9A hybrid antibodies can also be exploited to induce
antigen-specific CD8+ T cell tolerance, which might be highly desirable in the setting
of an autoimmune condition.
The aim of this part of the thesis was the production and testing of anti-Clec9A hybrid
antibodies, providing a mean to unravel the ability of differentially activated Clec9A+
DCs to induce CTL responses or antigen-specific T cell tolerance and protect RIP-GP
mice from autoimmune diabetes, a well-established murine model to study a T cell
mediated autoimmune disease (Ohashi et al., 1991).
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3.3.

Results

3.3.1. RIP-GP mice encode the full-length LCMV-GP peptide (WE strain)
The ultimate goal of this thesis was to analyse the potential of indirectly activated
Clec9A+ DCs to induce T cell immunity or antigen-specific T cell tolerance. We also
aimed to investigate the ability of indirectly activated Clec9A + DCs to protect RIP-GP
mice from autoimmune diabetes. RIP-GP mice express the model antigen LCMV-GP
under the control of the rat-insulin promoter and thus express LCMV-GP in the -islet
cells of the pancreas. Due to the lack of central tolerance towards LCMV-GP, RIP-GP
mice harbour LCMV-GP specific T cells in the periphery. Consequently, infection of
RIP-GP mice with LCMV results in the activation of LCMV-GP specific T cells, which
subsequently leads to the destruction of the pancreatic tissue and the development of
hyperglycemia. Thus, RIP-GP mice are a murine model to study a T cell-mediated
autoimmune disease (Ohashi et al., 1991). Nevertheless, the sequence of LCMV-GP
encoded by RIP-GP mice remains unknown. To ensure that the model antigen, which
is targeted to Clec9A+ DCs, corresponds to the LCMV-GP expressed by RIP-GP mice,
we sequenced LCMV-GP encoded by RIP-GP prior to generating anti-Clec9A hybrid
antibodies. Based on this sequence, anti-Clec9A hybrid antibodies can subsequently
be generated, which provide a mean to analyse the ability of differentially activated
Clec9A+ DCs to protect RIP-GP mice from autoimmune diabetes.
We found that RIP-GP mice encode the full-length LCMV-GP (WE strain) peptide,
containing at least 10 amino acid substitutions compared to the published LCMV-GP
(WE). None of these amino acid substitutions were within the immunodominant gp33
or gp61 epitope (Supplementary Figure 2.1.).
3.3.2. Anti-Clec9A-LCMV-GP is not expressed by HEK293T or CHO-S cells
Since RIP-GP mice encode the full-length LCMV-GP peptide (WE strain), we
generated the hybrid antibodies by cloning the full-length LCMV-GP sequence (WE
strain) to the C-terminus of anti-Clec9A (clone 397) and isotype control (clone p21).
For this purpose, we used eukaryotic expression vectors (pVITRO) containing the rat
IgG2b heavy chain cDNA of anti-Clec9A (clone 397) or isotype control (clone p21)
and their respective Igκ light chain cDNA, which we obtained from Dr. S. Diebold
(King's College, London, UK). The full-length LCMV-GP sequence was cloned in frame
to the C-terminus of anti-Clec9A and isotype control. However, these constructs were
not expressed either in the supernatant, respectively the transfected culture, of
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HEK293T cells or CHO-S cells transfected with either calcium phosphate or
polyethylenimine (PEI) (Figure 2.1.). Neither were the constructs expressed in whole
cell lysates (data not shown). As a control, we transfected anti-Clec9A (clone 397) or
isotype control (clone p21) to which no antigen was fused. These antibodies were
expressed by both HEK293T and CHO-S transfected either with calcium phosphate
or PEI (data not shown).

Figure 2.1. Anti-Clec9A-LCMV-GP (clone 397) is not expressed by HEK293T or CHO-S cells.
The pVITRO expression vector encoding anti-Clec9A-LCMV-GP (clone 397) or isotype control was
transfected into HEK293T or CHO-S by calcium phosphate or PEI, as indicated. Rat IgG2b in the
culture supernatant was measured by ELISA two days after transfecting HEK293T cells, respectively
five days after transfecting CHO-S cells. Data are shown as mean ± SEM and are representative of at
least two independent experiments; n.s., not significant; (2-tailed unpaired t test).

3.3.3. GP33-specific CD8+ T cell tolerance protects RIP-GP from diabetes
As anti-Clec9A-LCMV-GP (clone 397) and isotype control could not be expressed by
HEK293T or CHO-S cells, we sought to generate anti-Clec9A hybrid antibodies by
genetically fusing single or multiple LCMV-GP epitopes as encoded in the RIP-GP
mice to the C-terminus of anti-Clec9A and isotype control. Prior to generating the
hybrid antibodies, we thus analysed whether the induction of gp33-specific CD8+ T cell
tolerance is sufficient to protect RIP-GP mice from autoimmune diabetes. Therefore,
RIP-GP mice were pre-treated intraperitoneally (i.p.) with 100

g gp33 peptide

emulsified in incomplete Freund's adjuvant (IFA) and subsequently infected with 200
ffu LCMV (WE strain). Previously published data revealed that this immunization
regimen allows to induce antigen-specific T cell tolerance (Aichele et al., 1995). We
found that RIP-GP mice pre-treated with gp33 peptide failed to develop hyperglycemia
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(Figure 2.2.A.) and showed a significant reduction of gp33-specific CD8+ T cells
compared to control mice (Figure 2.2.B.). Further, CD8+ T cells derived from gp33
peptide pre-treated mice were unable to produce IFN and to degranulate upon exvivo restimulation with gp33 peptide (Figure 2.2.D.). In contrast, frequencies of np396specific CD8+ T cells were comparable in gp33 peptide pre-treated and control mice
(Figure 2.2.C.). Furthermore, treatment with gp33 peptide did not affect the ability of
CD8+ T cells to produce IFN or to degranulate upon ex-vivo restimulation with np396
peptide (Figure 2.2.E.). Hence, the results demonstrate that gp33-specific CD8+ T cell
tolerance, but no general immunosuppression, was induced in RIP-GP mice pretreated with gp33 peptide. Importantly, the data show that induction of gp33-specific
CD8+ T cell tolerance is sufficient to protect RIP-GP mice from autoimmune diabetes.
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Figure 2.2. Induction of gp33-specific CD8+ T cell tolerance is sufficient to protect RIP-GP mice
from autoimmune diabetes.
RIP-GP mice were pre-treated i.p. with gp33 peptide or PBS (control mice) emulsified in IFA at nine,
six and three days prior i.v. infection with 200 ffu LCMV. (A) Blood glucose levels were monitored.
Representative flow cytometry contour plots of gp33-Tet+ (B) and np396-Tet+ (C) staining at 14 d.p.i.
are shown. The percentage of gp33-Tet+ CD44hi of CD8+ cells (B) and of np396-Tet+ CD44hi of CD8+
cells (C) at 14 d.p.i. is shown as mean ± SEM of n=3 mice from one experiment; n.s., not significant;
**p<0.01, ***p<0.001, ****p<0.0001; (2-tailed unpaired t test). Representative flow cytometry contour
plots of IFN and CD107a staining (D and E) at 14 d.p.i. are shown. The percentage of IFN

+

CD44hi

or CD107a+ CD44hi of CD8+ cells after ex-vivo stimulation with gp33 peptide (D) or np396 peptide (E)
at 14 d.p.i. is shown as mean ± SEM of n=3 mice from one experiment; n.s., not significant; **p<0.01;
(2-tailed unpaired t test).
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3.3.4. Anti-Clec9A-gp33 (clone 397) is mainly taken up unspecifically by
endocytosing APCs
Since our data demonstrated that gp33-specific CD8+ T cell tolerance is sufficient to
protect RIP-GP mice from LCMV-induced autoimmune diabetes (Figure 2.2.), we
generated anti-Clec9A (clone 397) hybrid antibodies by genetically fusing the gp33
peptide in frame to the C-terminus of anti-Clec9A (clone 397) and isotype control (clone
p21). These constructs were successfully expressed by both HEK293T as well as
CHO-S cells (Figure 2.3.), in contrast to the hybrid antibodies containing the full-length
LCMV-GP protein (Figure 2.1.).

Figure 2.3. Anti-Clec9A-gp33 (clone 397) and isotype control are expressed by both HEK293T
and CHO-S cells.
The pVITRO expression vector encoding anti-Clec9A-gp33 (clone 397) or isotype control was
transfected into HEK293T or CHO-S by calcium phosphate, respectively PEI. Rat IgG2b in the culture
media was measured by ELISA two days after transfecting HEK293T cells, respectively five days after
transfecting CHO-S cells. Data are shown as mean ± SEM and are representative of at least five
independent experiments; ****p<0.0001; (2-tailed unpaired t test).

The anti-Clec9A-gp33 (clone 397) hybrid antibody and the isotype control were
produced in CHO-S cells, since the production was more efficient in these cells than
in HEK293T cells (ca. 4.3 mg/L versus ca. 0.5 mg/L for anti-Clec9A-gp33). To analyse
whether anti-Clec9A-gp33 (clone 397) allows to induce antibody-dependent priming of
gp33-specific CD8+ T cells, we adoptively transferred carboxyfluorescein succinimidyl
ester (CFSE)-labelled TCR transgenic CD8+ T cells specific to gp33 (P14) into wt-B6
recipients, which were subsequently immunized with different doses of anti-Clec9Agp33 (clone 397) and isotype control. To amplify P14 cell responses to a detectable
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level, the adjuvant CpG was co-administered along with the antibodies. Three days
post priming, CFSE dilution in P14 cells from the dLN was analysed. We found no
difference in P14 cell proliferation between mice treated with the targeting antibody
and mice treated with the isotype control. Merely, we observed that P14 proliferation
augmented with increasing doses of injected antibodies (Figure 2.4.). Therefore, the
results suggest that anti-Clec9A-gp33 (clone 397) does not allow to induce antibodydependent proliferation of P14 cells. In addition, we examined whether anti-Clec9Agp33 (clone 397) induces antibody-dependent expansion of P14 cells. For this
purpose, total number and frequencies of P14 cells from the dLN was analysed seven
days post priming. The results reveal that P14 cells do not expand in an antibodydependent manner (data not shown). Taken together, these data suggest that in vivo
no targeted antigen delivery to Clec9A+ DCs is occurring and that instead the hybrid
antibodies are predominantly being taken up unspecifically by endocytosing APCs.

Figure 2.4. Anti-Clec9A-gp33 (clone 397) does not induce antibody-dependent proliferation of
P14 cells.
One day following adoptive transfer of CFSE-labelled P14 cells into wt-B6 recipients, hybrid antibodies
were injected at the indicated doses together with CpG s.c. into the hind footpad. After three days,
CFSE-dilution in P14 cells from the dLN was analysed. Representative histograms of CFSE dilution of
P14 (left) and percentage of CFSElow of P14 cells (right) is shown as mean ± SEM of n=3 mice
representative of three independent experiments; n.s., not significant; (2-tailed unpaired t test).
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3.3.5. Specific antigen targeting with anti-Clec9A-gp33 (clone 7H11)
Since the anti-Clec9A-gp33 (clone 397) targeting antibody generated by molecular
cloning was not successful, we generated in a second approach the targeting antibody
by chemical coupling, whereby we used a different clone than for the genetic fusion.
Thus, we chemically coupled biotinylated gp33 peptide to anti-Clec9A (clone 7H11) or
isotype control (rat IgG1). By performing a biotin ELISA, we confirmed that the
biotinylated peptide was coupled to anti-Clec9A (clone 7H11), respectively isotype
control (Supplementary Figure 2.2.). We then investigated whether the targeting
antibody generated by chemical coupling, allows to induce antibody-dependent
priming of gp33-specific CD8+ T cells. To this end, we infused CFSE-labelled P14 cells
into wt-B6 recipients, which were subsequently immunized with titrated doses of antiClec9A-gp33 (clone 7H11) or isotype control. To enhance P14 responses, the adjuvant
CpG was administered together with the antibodies. Three days after the
immunization, CFSE dilution of P14 cells from the dLN was analysed. We found that
treatment with the targeting antibody significantly increased the proliferation of P14
cells compared to the isotype control (Figure 2.5.A.). In addition, the targeting antibody
promoted expansion and effector function of endogenous gp33-specific CD8+ T cells
(Figure 2.5.B. and C.). Therefore, these results suggest anti-Clec9A-gp33 (clone
7H11), which was generated by chemical coupling, allows to specifically target the
model antigen gp33 to Clec9A+ DCs. Of note, treatment with this antibody did not alter
the DCs' maturation status. Thus, in vivo administration of anti-Clec9A-gp33 (clone
7H11) did not induce the expression of the costimulatory molecule CD86 on Clec9A +
DCs derived from the spleen or dLN (Figure 2.6.A. and B.). Application of this antibody
also did not upregulated the expression of CD40 or CD80 on Clec9A + DCs (data not
shown).
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Figure 2.5. Anti-Clec9A-gp33 (clone 7H11) allows to specifically target gp33 to Clec9A+ DCs in
vivo.
Hybrid antibodies were injected at the indicated doses s.c. into the hind food pad in combination with
CpG. (A) One day prior administration of the hybrid antibodies, CFSE-labelled P14 cells were
transferred into wt-B6 recipients. Three days after priming, CFSE-dilution of P14 cells from the dLN
was analysed. Representative histograms of CFSE dilution of P14 (left) and percentage of CFSE low of
P14 cells (right) is shown as mean ± SEM of n=3 mice representative from one out of two independent
experiments; n.s., ****p<0.0001; (2-tailed unpaired t test). (B) Representative flow cytometry contour
plots of gp33-Tet+ staining (left) and percentage of gp33-Tet+ CD44hi of splenic endogenous CD8+ cells
(right) at day seven post immunization is shown as mean ± SEM of n=6 mice pooled from two
independent experiment; n.s., *p<0.05; (2-tailed unpaired t test). (C) Representative flow cytometry
contour plots of IFN staining (left) and percentage of IFN

+

CD44hi of splenic endogenous CD8+ cells

(right) at day seven post immunization is shown as mean ± SEM of n=6 mice pooled from two
independent experiment; n.s., not significant; *p<0.05, **p<0.01; (2-tailed unpaired t test).

43

Production and Testing of anti-Clec9A Hybrid Antibodies

Figure 2.6. Binding of anti-Clec9A-gp33 (clone 7H11) to Clec9A+ DCs per se does not induce DC
maturation.
The indicated doses of anti-Clec9A-gp33 (clone 7H11) or R848 was injected s.c. into the hind food pad
of wt-B6 mice. Splenocytes (A) or dLNs (B) were isolated 8 hours after treatment and the expression
of CD86 was analysed on Clec9A+ DCs. Representative CD86 histograms (left) are shown as well as
the quantified data (right) as mean ± SEM of n=3 mice from one experiment; n.s., not significant;
*p<0.05, ****p<0.0001; (2-tailed unpaired t test).
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Discussion

There is an accumulating body of evidence that model antigens can be targeted via
hybrid antibodies to various DC subsets in order to manipulate T cell responses. In
particular, Clec9A+ DCs have been regarded as highly attractive for the development
of novel vaccines (Kastenmuller et al., 2014; Shortman et al., 2009), due to their
superior ability of cross-presenting exogenous antigens to CD8+ T cells (Caminschi et
al., 2008; Sancho et al., 2008) in both mice and humans (Huysamen et al., 2008; Poulin
et al., 2012; Poulin et al., 2010). Notably, anti-Clec9A hybrid antibodies have been
generated, aiming to promote CD8+ T cell responses against tumour antigens and
hence, contributing to tumour regression (Picco et al., 2014; Sancho et al., 2008). Yet,
so far it remains unknown whether Clec9A targeting can also be exploited to induce
antigen-specific CD8+ T cell tolerance, which might be highly desirable for the
prevention and treatment of autoimmune diseases. In this study, we aimed to generate
anti-Clec9A hybrid antibodies, specifically targeting a model antigen to Clec9A + DCs
in vivo. Further, to study the ability of differentially activated Clec9A+ DCs to protect
from a T cell-mediated autoimmune disease, we aimed to generate these anti-Clec9A
hybrid antibodies in such a manner that they provide a mean to analyse the ability of
differentially activated Clec9A+ DCs to protect RIP-GP mice from autoimmune
diabetes. To ensure that LCMV-GP targeted via hybrid antibodies to Clec9A+ DCs
corresponds to the LCMV-GP expressed by RIP-GP mice, we sequenced LCMV-GP
encoded by RIP-GP mice. We show that RIP-GP mice encode the full-length LCMVGP (WE strain) peptide. Nevertheless, our data demonstrate that anti-Clec9A hybrid
antibodies to which the full-length LCMV-GP was added were not expressed by
HEK293T or CHO-S cells. It can be speculated that full-length LCMV-GP interferes
with proper protein folding and that consequently the antibodies are degraded.
Therefore, we next investigated whether it is sufficient to induce gp33-specific CD8+ T
cell tolerance to protect RIP-GP mice from autoimmune diabetes. Indeed, induction of
gp33-specific CD8+ T cell tolerance protected RIP-GP mice from autoimmune
diabetes, emphasizing the importance of CD8+ T cell responses directed against the
immunodominant epitope gp33 in the destruction of pancreatic tissue, which eventually
culminates in the development of type I diabetes. We thus generated our anti-Clec9A
hybrid antibodies by genetically fusing the gp33 peptide to the C-terminus of antiClec9A (clone 397). However, the generated targeting antibodies did not allow to
specifically target the model antigen to Clec9A+ DCs and were rather taken up
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unspecifically by endocytosing APCs, which, for instance, could occur in an Fcreceptor mediated manner. A possible explanation could be that the antigen gp33,
which was fused to the C-terminus of anti-Clec9A, interferes with proper antibody
folding and hence, interferes with the ability of the hybrid antibody to bind Clec9A. This
issue might be circumvented by using another clone for anti-Clec9A. Hence, we used
a different clone for anti-Clec9A as for the molecular cloning and generated the
targeting antibody by chemical coupling biotinylated gp33 peptide to the antibody. This
second approach has the drawback that the peptide is linked in an undirected manner
to the antibody and thus could potentially interfere with the ability of the antibody to
bind Clec9A. Nevertheless, our results show that anti-Clec9A-gp33 (clone 7H11)
generated by chemical coupling, specifically enhances antigen presentation to CD8+ T
cells in vivo. Further, we found that binding of anti-Clec9A-gp33 (clone 7H11) to the
receptor Clec9A itself does not induce DC maturation in vivo. Since our previous
results (chapter 2) have shown that Clec9A+ DCs are activated indirectly by a TLR7
agonist, respectively directly by a TLR9 agonist, we have created a mean to target
gp33 via antibodies to differentially activated Clec9A + DCs and to analyse their ability
to regulate CD8+ T cell responses. In addition, this targeting strategy enables us to
analyse the ability of differentially activated Clec9A+ DCs to protect RIP-GP mice from
autoimmune diabetes. Therefore, the outlook involves specific antibody-mediated
gp33 targeting to differentially activated Clec9A+ DCs and to unveil their ability to elicit
CTL responses, respectively to induce antigen-specific CD8+ T cell tolerance and
protect mice from a T cell mediated autoimmune disease.
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Supporting information

Supplementary Figure 2.1. RIP-GP mice encode the full-length LCMP-GP (WE strain) peptide.
The sequenced LCMV-GP peptide encoded by RIP-GP mice was aligned to the published LCMV-GP
sequence from LCMV (WE strain) (Genebank: DQ886924.1).

Supplementary Figure 2.2. The model antigen gp33 is coupled to both anti-Clec9A (clone 7H11)
and isotype control.
The biotinylated model antigen gp33 was chemically coupled to both anti-Clec9A (clone 7H11) and
isotype control. A biotin ELISA confirmed the coupling of the peptide to anti-Clec9A (clone 7H11),
respectively the isotype control. Data are shown as mean ± SEM and are representative of at least two
independent experiments; ****p<0.0001; (2-tailed unpaired t test).
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4.0. INDIRECTLY ACTIVATED CLEC9A+ DCS INDUCE
ANTIGEN-SPECIFIC CD8+ T CELL TOLERANCE
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Indirectly activated Clec9A+ DCs induce antigen-specific CD8+ T cell tolerance

Summary

DCs are endowed with the potential to induce both T cell immunity and peripheral T
cell tolerance. The current dogma states that antigen presentation by mature DCs
induces immunity, whereas antigen presentation by immature DCs results in T cell
tolerance (Hawiger et al., 2001; Probst et al., 2003; Steinman and Nussenzweig,
2002). In contrast, the functional role of indirectly activated DCs remains to be
elucidated. Previously described data revealed that Clec9A+ DCs are activated
indirectly by the TLR7 agonist R848 (chapter 2). To unveil the functional properties of
indirectly activated Clec9A+ DCs, we targeted gp33 in the context of R848 to Clec9A +
DCs. In line with previously published data, our results demonstrate that indirectly
activated Clec9A+ DCs are unable to support CTL differentiation. Therefore, we
hypothesized that indirectly activated DCs instead induce antigen-specific CD8+ T cell
tolerance. To test this hypothesis, we assessed the ability of CD8 + T cells primed by
indirectly Clec9A+ DCs to respond to antigenic challenge. For this purpose, mice were
treated with anti-Clec9A-gp33/R848 and twelve days later infected with VV expressing
gp33 peptide (VV-G2). We found that CD8+ T cells primed by indirectly activated
Clec9A+ DCs have a reduced ability to produce effector cytokines, to degranulate and
to acquire a polyfunctional profile and were thus refractory to antigen challenge. As the
response towards another VV-specific peptide was not altered, we concluded that
indirectly activated Clec9A+ DCs induce CD8+ T cell tolerance in an antigen-specific
manner. Interestingly, we found that while antigen presentation by immature Clec9A+
DCs leads to a reduced frequency of antigen-specific CD8+ T cells, antigen
presentation by indirectly activated Clec9A+ DCs did not alter the frequency of CD8+ T
cells recognizing cognate antigen. Therefore, these data indicate that, in contrast to
immature Clec9A+ DCs, indirectly activated Clec9A+ DCs do not impair the ability of
antigen-specific CD8+ T cells to undergo clonal re-expansion following antigen
challenge. Since we previously demonstrated that indirect DC activation upregulates
the expression of immunoregulatory proteins, such and PD-L1 and IL-10, it seems
conceivable that indirectly activated Clec9A+ DCs induce tolerance via engagement of
co-inhibitory signalling pathways.
In summary, we provide evidence that DCs activated in vivo by an inflammatory milieu
render antigen-specific CD8+ T cells refractory to antigen challenge.
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4.2.

Introduction

DCs bridge the innate and adaptive immune system by efficiently taking up antigens
from their environment and subsequently presenting them to naive T cells. Depending
on their activation status, DCs induce either T cell immunity or T cell tolerance
(Banchereau and Steinman, 1998). Antigen presentation by immature DCs results in
the induction of antigen-specific T cell tolerance, via induction of anergy or clonal
deletion (Bonifaz et al., 2002; Hawiger et al., 2001; Probst et al., 2003). The DCs'
transition from an immature to an activated functional state is induced by direct
interaction with PAMPs via PRRs. Such directly activated DCs are able to provide the
three signals required to elicit effector T cell responses. The first signal is provided by
cognate antigen presented on MHC molecules and determines the specificity of the
response. Costimulatory molecules like CD40, CD80 and CD86 represent the second
signal and support clonal T cell expansion (Harding et al., 1992; Jenkins et al., 1991;
June et al., 1987; Maxwell et al., 1999). Lastly, pro-inflammatory cytokines, such as IL12 and type I IFNs, provide the third signal and promote the differentiation of naive T
cells into effector cells (Curtsinger et al., 2003; Curtsinger et al., 2005; Kalinski et al.,
1999). Alternatively, immature DCs can be activated by an inflammatory milieu
triggered by microbial stimuli. However, such indirectly activated DCs are unable to
produce pro-inflammatory cytokines and hence, are incapable of inducing CD4 + or
CD8+ T cell immunity (Desch et al., 2014; Kratky et al., 2011; Sporri and Reis e Sousa,
2005). Thus, although it has become clear that indirect DC activation is occurring
widespread within the host during an infection (Yrlid et al., 2001), the functional role of
these DCs remains unknown. Especially, it remains to be determined whether
endogenous DCs that have been activated in an indirect manner are able to induce
antigen-specific T cell tolerance.
Recently, the endocytic C-type lectin receptor Clec9A was identified as a unifying
marker for murine and human DCs specialized at cross-presenting exogenous
antigens to CD8+ T cells (Huysamen et al., 2008; Poulin et al., 2012; Poulin et al.,
2010). Since the expression of Clec9A is restricted to cross-presenting DCs in both
mice and humans (Huysamen et al., 2008; Poulin et al., 2012; Poulin et al., 2010),
Clec9A+ DCs are currently regarded as promising target for the development of DCbased vaccines (Kastenmuller et al., 2014; Shortman et al., 2009). Model antigens
such as tumour antigens have been targeted to Clec9A+ DCs to elicit antigen-specific
T cell effector responses (Picco et al., 2014; Sancho et al., 2008). So far, however, no
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antigen targeting to Clec9A+ DCs has been employed to induce antigen-specific T cell
tolerance.
Thus, in this part of the thesis we aimed to analyse the functional properties of indirectly
activated Clec9A+ DCs and particularly sought to investigate whether they are able to
induce antigen-specific T cell tolerance in vivo. Our previous results demonstrated that,
contrary to Clec9A- DCs, Clec9A+ DCs lack TLR7 expression and are activated
indirectly by the TLR7 agonist R848 in vivo. Moreover, we have generated anti-Clec9Agp33 hybrid antibodies, which allow to specifically target the model antigen gp33 to
Clec9A+ DCs in vivo. Thus, we have created a means which allows us to target the
model antigen gp33 to indirectly activated Clec9A+ DCs and to analyse their ability to
induce T cell effector responses or antigen-specific T cell tolerance. In line with
previously published data (Desch et al., 2014; Kratky et al., 2011; Sporri and Reis e
Sousa, 2005), our results indicate that indirectly activated Clec9A+ DCs fail to support
the development of CD8+ T cell effector responses. Interestingly, we found that CD8+
T cells primed by indirectly activated Clec9A+ DCs have a reduced ability to produce
effector cytokines and to degranulate in response to antigenic challenge. Since the
response towards another VV-specific peptide was not changed, we concluded that
indirectly activated Clec9A+ DCs indeed induce CD8+ T cell tolerance in an antigenspecific manner.
Thus, our results give new insights into the functional role of indirectly activated DCs
and propose a new strategy to induce specific T cell tolerance in vivo, which might be
highly desirable for the treatment of T cell-mediated autoimmune diseases, such as
type I diabetes or multiple sclerosis.
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4.3.

Results

4.3.1. Indirectly activated Clec9A+ DCs are unable to induce CTL responses
To shed some light on the functional properties of indirectly activated Clec9A+ DCs,
we set out to investigate their ability to induce CTL responses. To this end, we targeted
gp33 via anti-Clec9A-gp33 hybrid antibodies to differentially activated Clec9A + DCs
and analysed their ability to induce gp33-specific CD8+ T cell effector responses. We
thus transferred P14 cells into recipient mice one day prior to injecting anti-Clec9Agp33 along with either R848 or CpG, as data described in chapter 2 demonstrated that
Clec9A+ DCs are activated indirectly, respectively directly by these adjuvants.
Alternatively, we injected the targeting antibody without any adjuvant to target gp33 to
immature Clec9A+ DCs. Seven days post priming, splenocytes were isolated and P14
cells were restimulated ex-vivo with gp33 peptide to test their ability to degranulate and
produce the effector cytokines IFN and TNF . We observed that P14 cells primed by
immature or indirectly activated Clec9A+ DCs were largely unable to secrete the
effector cytokines (IFN and TNF ) or to degranulate. In contrast, P14 cells readily
produced IFN and TNF and degranulated upon priming by directly activated Clec9A+
DCs (Figure 4.1.A.). Next, we investigated whether the observed phenomenon is
restricted to TCR transgenic CD8+ T cells. Thus, we investigated the ability of
differentially activated Clec9A+ DCs to support expansion and differentiation of
endogenous gp33-specific CD8+ T cells. Intriguingly, gp33-specific CD8+ T cells were
virtually absent when cognate antigen was presented by immature or indirectly
activated Clec9A+ DCs. In contrast, endogenous gp33-specific CD8+ T cells readily
expanded upon priming by directly activated Clec9A + DCs (Figure 4.1.B). Analogous
to P14 cells, polyclonal CD8+ T cells only produced effectively pro-inflammatory
cytokines and degranulated when primed by directly activated Clec9A + DCs (Figure
4.1.C.). Therefore, these data suggest that indirectly activated Clec9A + DCs fail to
support CTL differentiation. Nevertheless, it could be argued that the observed
incapability of indirectly activated DCs to support CTL differentiation could stem from
an inability of R848 to serve as an adjuvant. In this regard, it must be noted that we
previously demonstrated that R848 not only upregulated the expression of
costimulatory proteins in both Clec9A- and Clec9A+ DCs, but also induced robust IL12 and TNF production in Clec9A- DCs (chapter 2). Nonetheless, we addressed this
issue and determined whether R848 itself can promote CTL differentiation. To this end,
we transferred P14 cells one day prior treating the mice with anti-DCIR2-gp33 hybrid
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antibodies in the presence or absence of R848. As the hybrid antibody anti-DCIR2gp33 allows to target gp33 to Clec9A- (DCIR2+) DCs, which become directly activated
by R848, this experimental set-up allowed us to assess the ability of R848 to support
CTL differentiation, if antigen is targeted to a TLR7-expressing DC subset. Of note,
P14 cells produced significantly more IFN and TNF

when anti-DCIR2-gp33 was

injected in the presence of R848 than in the absence of this adjuvant. In accordance
with previously published data (Desch et al., 2014), we thus concluded that R848 per
se can promote CTL differentiation (Figure 4.1.D.). Nevertheless, it must be noted that
R848 is inferior to CpG in promoting CD8+ T cell effector differentiation (data not
shown).
Taken together, these data demonstrate that Clec9A+ DCs activated in an indirect
manner by R848 are unable to support CTL differentiation. This effect was not due to
an inability of R848 to serve as an adjuvant, as R848 has the capacity to promote CD8+
T cell effector responses.
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Figure 4.1. Indirectly activated Clec9A+ DCs are unable to support CTL differentiation.
(A-C) Wt-B6 were immunized s.c. with anti-Clec9A-gp33 (5 g) injected alone or co-administered with
CpG or R848. Seven days after priming, splenocytes were isolated and ex-vivo restimulated with gp33
peptide. In (A) P14 cells were transferred one day prior immunizations. (A) Representative flow
cytometry contour plots of IFN TNF and CD107a staining (left) and percentage effector function pos.
CD44hi of P14 cells (right) is shown as mean ± SEM of n=9-10 mice pooled from three independent
experiment; n.s., not significant; ****p<0.0001; (2-tailed unpaired t test). (B) Representative flow
cytometry contour plots of gp33-Tet+ staining (left) and percent gp33-Tet+CD44hi of CD8+ cells (right)
is shown as mean ± SEM of n=6 mice pooled from two independent experiment; n.s., ***p<0.001; (2tailed unpaired t test). (C) Representative flow cytometry contour plots of IFN TNF

and CD107a

staining (left) and percentage effector function pos. CD44hi of CD8+ cells (right) is shown as mean ±
SEM of n=6 mice pooled from two independent experiment; n.s., not significant; **<0.01; ***p<0.001;
****p<0.0001; (2-tailed unpaired t test). (D) Mice were treated with anti-DCIR2-gp33 instead of antiClec9A-gp33, but otherwise treated as in (A). Representative flow cytometry contour plots of IFN
and TNF staining (left) and percentage effector function pos. CD44hi of P14 cells (right) is shown as
mean ± SEM of n=10 mice pooled from two independent experiment; n.s., not significant; **<0.01;
****p<0.0001; (2-tailed unpaired t test).
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4.3.2. Indirectly activated Clec9A+ DCs induce specific CD8+ T cell tolerance
As our results suggest that Clec9A+ DCs matured in the context of R848 administration
lack the virtue of supporting CTL differentiation, we hypothesized that this
immunization regimen renders Clec9A+ DCs tolerogenic. Characteristically, tolerised
T cells are refractory to challenge with the antigen, even if they re-encounter the
antigen together with an agent favouring T cell immunity. Therefore, to corroborate our
hypothesis, we targeted gp33 to indirectly activated Clec9A+ DCs and subsequently
analysed the ability of P14 cells to respond to challenge with VV-G2. Thus, P14 cells
were infused into wt-B6 recipient mice one day prior to injecting anti-Clec9A-gp33
either alone or along with 10 g R848 or 5 g CpG s.c. into the hind foot pad. In that
manner, the model antigen gp33 was targeted to immature, indirectly or directly
activated DCs, respectively. Mice were infected with VV-G2 twelve days post priming.
Then, six days after infection, splenocytes were isolated and ex-vivo restimulated with
gp33 peptide to analyse the ability of P14 cells to release effector cytokines (IFN and
TNF ) and to degranulate. To assess whether P14 cells are refractory to challenge
with gp33 peptide, we compared them to control P14 cells, which were not exposed to
the cognate antigen before, i.e. no targeting antibody was injected into control mice.
As expected, P14 cells primed by directly activated Clec9A + DCs did not show a
reduced production of IFN and TNF as well as CD107a surface staining compared
to control P14 cells. In contrast, P14 cells primed by either immature or indirectly
activated Clec9A+ DCs had a diminished ability to produce IFN and TNF as well as
to degranulate when compared to control P14 cells (Figure 4.2.A.). As previously
published data revealed that measuring polyfunctionaly is a better indicator to assess
T cell effector function than solely analysing single effector function (Seder et al.,
2008), i.e. only IFN , TNF or CD107a surface staining, we also analysed the ability
of P14 cells to acquire a polyfunctional profile upon priming by differentially activated
Clec9A+ DCs. We found that the frequency of polyfunctional P14 cells was not
decreased when cognate antigen was presented by directly activated Clec9A+ DCs.
By contrast, the frequency of polyfunctional P14 cells was clearly reduced when they
were primed by either immature or indirectly activated Clec9A+ DCs (Figure 4.2.B.). As
P14 cells seem to be refractory to gp33 challenge when primed by immature or
indirectly activated Clec9A+ DCs, we concluded that these DCs are in fact tolerogenic.
Notably, P14 cells seem to be more refractory to gp33 challenge when primed by
immature Clec9A+ DCs than in the context of R848 administration, suggesting that
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immature Clec9A+ DCs are more efficient than indirectly activated Clec9A+ DCs in
tolerising P14 cells. To assess whether immature or indirectly activated Clec9A + DCs
induce P14 cell tolerance in an antigen specific manner, we additionally restimulated
splenocytes ex-vivo with another VV-specific CD8+ T cell epitope, namely B8R peptide.
As we found that CD8+ T cells primed by either immature or indirectly activated Clec9A+
DCs did not have a reduced ability to respond to B8R peptide (Supplementary Figure
4.1.), we concluded that immature or indirectly activated Clec9A + DCs induce T cell
tolerance in an antigen-specific manner. Interestingly, we found that while antigen
presentation by immature Clec9A+ DCs resulted in a reduced total number of P14 cells
in the spleen, gp33 presentation by indirectly activated Clec9A+ DCs did not alter P14
cell counts (Figure 4.2.C.).
Next, we investigated whether indirectly activated DCs only confer tolerance to
monoclonal transgenic P14 cells or whether they also tolerise polyclonal endogenous
CD8+ T cells. Gp33-Tet staining revealed that the frequency of gp33-specific was
reduced when the antigen was presented by immature Clec9A + DCs. In contrast, the
frequency of endogenous CD8+ T cells was comparable in anti-Clec9A-gp33/R848
treated mice and control mice (Figure 4.3.A.). We next set out to analyse the capacity
of endogenous gp33-specific CD8+ T cells to acquire effector functions upon priming
by differentially activated Clec9A+ DCs. Analogous to P14 cells, we found that
endogenous CD8+ T cells primed by immature or indirectly activated Clec9A+ DCs
showed a decreased ability to produce IFN and TNF as well as a reduced CD107a
surface staining in response to gp33 challenge compared to endogenous CD8+ T
derived from control mice (Figure 4.3.B.). In addition, the frequency of polyfunctional
endogenous CD8+ T cells was lower when cognate antigen was presented by
immature or indirectly activated Clec9A+ DCs than in the control situation (Figure
4.3.C.). As for the P14 cells, we observed that endogenous gp33-specific CD8+ T cells
primed by immature Clec9A+ DCs have generally an inferior ability to respond to gp33
peptide challenge compared to CD8+ T cells primed by indirectly activated DCs (Figure
4.3.B and C.). It seems that immature and indirectly activated Clec9A + DCs tolerise
CD8+ T cells in an antigen-specific manner, as CD8+ T cells from mice treated only
with anti-Clec9A or in combination with R848 did not have a diminished ability to
respond to B8R peptide (Supplementary Figure 4.2.).
Taken together, these data demonstrate that both immature as well as indirectly
activated Clec9A+ DCs induce antigen-specific CD8+ T cell tolerance. Immature
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Clec9A+ DCs seem to be superior to indirectly activated Clec9A + DCs in conferring T
cell tolerance.
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Figure 4.2. Indirectly activated Clec9A+ DCs tolerise P14 cells.
(A-C) P14 cells were infused into wt-B6 mice one day prior s.c. immunization with anti-Clec9A-gp33
(15 g) injected alone or along with CpG or R848. Then, twelve days post priming, mice were infected
with VV-G2. Spleoncytes were isolated six days after infection and ex-vivo restimulated with gp33
peptide. (A) Representative flow cytometry contour plots of IFN TNF and CD107a staining (left) and
percentage effector function pos. CD44hi of P14 cells (right) is shown as mean ± SEM of n=3 mice
representative of two independent experiments; n.s., not significant; *<0.05; **<0.01; (2-tailed unpaired
t test). (B) Frequency of polyfunctional CD44hi of P14 cells is shown as mean ± SEM of n=3 mice
representative of two independent experiments; n.s., not significant; *<0.05; **<0.01; ****<0.0001; (2tailed unpaired t test). (C) Absolute P14 cell numbers per spleen is shown as mean ± SEM of n=3 mice
representative of two independent experiments; n.s., *p<0.05; (2-tailed unpaired t test).
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Figure 4.3. Indirectly activated Clec9A+ DCs tolerise endogenous CD8+ T cells.
(A-C) Wt-B6 were immunized s.c. with anti-Clec9A-gp33 (15 g) injected alone or along with CpG or
R848. Then, twelve days post priming, mice were infected with VV-G2. Spleoncytes were isolated six
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days after infection and ex-vivo restimulated with gp33 peptide. (A) Representative flow cytometry
contour plots of gp33-Tet staining and percentage of gp33-Tet+ CD44hi of CD8+ T cells at day six post
infection is shown as mean ± SEM of n=11-12 mice pooled from four independent experiment; n.s.,
not significant; **<0.01; ***p<0.001; (2-tailed unpaired t test). (B) Representative flow cytometry
contour plots of IFN TNF and CD107a staining (left) and percentage effector function pos. CD44hi
of CD8+ T cells (right) is shown as mean ± SEM of n=11-12 mice pooled from four independent
experiments; n.s., not significant; *<0.05; **<0.01; ***<0.001; ****<0.0001; 2-tailed unpaired t test).
(C) Frequency polyfunctional CD44hi of CD8+ T cells is shown as mean ± SEM of n=11-12 mice pooled
from four independent experiments; n.s., not significant; *<0.05; **<0.01; (2-tailed unpaired t test).
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4.3.3. Indirectly activated Clec9A+ DCs do not protect from autoimmune diabetes
We next sought to determine whether indirectly activated Clec9A + DCs have the
potency to protect mice from a T cell-mediated autoimmune disease. Previously
described data revealed that induction of gp33-specific CD8+ T cell tolerance is
sufficient to protect RIP-GP mice from autoimmune diabetes. Therefore, we employed
RIP-GP mice to analyse whether gp33 targeting to indirectly activated Clec9A+ DCs
can be exploited to protect from a T cell-mediated autoimmune disease and hence,
unveil the capacity of indirectly activated Clec9A+ DCs to protect from autoimmunity.
Thus, anti-Clec9A-gp33 plus 10 g R848 was injected s.c. into RIP-GP mice, which
were subsequently infected with 200 ffu LCMV (WE strain). Alternatively, gp33 was
targeted to immature or directly activated Clec9A+ DCs and thus, anti-Clec9A-gp33
was injected either alone or with 5 g CpG. The results revealed that all RIP-GP mice
treated

with

anti-Clec9A-gp33/R848

or

anti-Clec9A-gp33/CpG

developed

hyperglycemia (Figure 4.4.). No delay in disease progression was observed when
these mice were compared to control mice, which were not treated with the targeting
antibody (data not shown). In contrast, in this experiment, one out of three mice was
protected from autoimmune diabetes upon targeting gp33 to immature Clec9A+ DCs
(Figure 4.4.). All mice infected with LCMV (WE strain) showed a normal response
towards the np396 peptide (not shown), suggesting that treatment with anti-Clec9Agp33 is not generally immunosuppressive. Therefore, we have no evidence that
indirectly activated Clec9A+ DCs protect from autoimmune diabetes. It must be noted
that in this experiment only one out of three mice was protected from autoimmune
diabetes when gp33 was targeted to immature Clec9A+ DCs. However, we would have
expected that in this setting all the mice are protected from autoimmunity.
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Figure 4.4. Indirectly activated Clec9A+ DCs are not able to protect from autoimmune diabetes.
RIP-GP mice were treated s.c. with anti-Clec9A-gp33 (15 g), which was injected either alone or with
R848 or CpG. Twelve days post treatment, RIP-GP mice were infected i.v. with LCMV (WE strain).
Control mice were treated either only with PBS or infected only with LCMV (WE strain), but otherwise
left untreated. Blood glucose levels were monitored until day fourteen post infection. Mice were
considered diabetic following two consecutive measurements of > 15 mM glucose.
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Discussion

In this study we aimed to elucidate the functional role of DCs that have been activated
by an inflammatory milieu. Clec9A+ DCs are specialized in priming CD8+ T cell
responses and are, as previously described, activated indirectly by the TLR7 agonist
R848, respectively directly by the TLR9 agonist CpG. Therefore, administration of antiClec9A-gp33 (clone 7H11) plus R848 results in antigen targeting to indirectly activated
Clec9A+ DCs. In contrast, gp33 is targeted to directly activated Clec9A + DCs when
CpG is co-administered with the targeting antibody. We thus targeted the model
antigen gp33 to differentially activated Clec9A + DCs and investigated their ability to
support CTL differentiation. In line with previously published data (Desch et al., 2014;
Kratky et al., 2011; Sporri and Reis e Sousa, 2005), our results revealed that both
immature as well as indirectly activated Clec9A+ DCs are incapable of eliciting CD8+ T
cell effector responses. Of note, we and others confirmed that R848 itself promotes T
cell immunity (Desch et al., 2014; Kratky et al., 2011; Sporri and Reis e Sousa, 2005)
and hence, excluded the possibility that indirectly activated Clec9A + DCs fail to support
CTL differentiation due to an inability of R848 to promote CTL responses.
As indirectly activated Clec9A+ DCs lack the ability to support T cell immunity, we
hypothesized that these cells induce functional T cell tolerance. To test this hypothesis,
we assessed the ability of CD8+ T cells primed by indirectly activated Clec9A+ DCs to
respond to antigenic challenge. To this end, CD8 + T cells primed by differentially
activated Clec9A+ DCs were challenged with VV expressing cognate antigen. We
found that, contrary to directly activated Clec9A+ DCs, both immature as well as
indirectly activated Clec9A+ DCs render CD8+ T cells hyporesponsive towards antigen
challenge. This was apparent by their decreased ability to produce effector cytokines
(IFN and TNF ), to degranulate and to acquire a polyfunctional profile. As antigen
presentation by immature or indirectly activated Clec9A + DCs did not affect the
response towards another VV-specific epitope (e.g. B8R peptide), we concluded that
both immature as well as indirectly activated Clec9A+ DCs tolerise CD8+ T cells in an
antigen-specific manner. It might be worthwhile to analyse the capacity of gp33specific CD8+ T cells to respond to antigen re-encounter when challenged at different
time points after priming (here we only challenged twelve days post priming). In that
manner, we could gain a better understanding on the timeframe that a pool of
endogenous antigen-specific CD8+ T cells remains hyporesponsive towards antigenic
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challenge, until these tolerised CD8+ T cells are outnumbered by newly formed
antigen-specific lymphocytes exiting from the thymus.
Interestingly, antigen presentation by immature Clec9A+ DCs resulted in a decreased
frequency of antigen-specific CD8+ T cells, indicating that immature Clec9A+ DCs
either induce clonal deletion of antigen-specific CD8+ T cells or impair the ability of
antigen-specific CD8+ T cells to undergo clonal expansion upon antigenic challenge.
In contrast, indirectly activated Clec9A+ DCs had little impact on the frequency of
antigen-specific CD8+ T cells. Generally, we observed that CD8+ T cells were more
refractory to antigen challenge when primed by immature Clec9A + DCs as when primed
by indirectly activated Clec9A+ DCs. Of note, as described in chapter 2, indirect DC
activation results in an increased expression of immunoregulatory proteins, such as
PD-L1 and IL-10. Therefore, it can be speculated that while immature Clec9A + DCs
diminish the ability of antigen-specific CD8+ T cells to undergo clonal expansion upon
antigen re-encounter, e.g. by inducing clonal deletion of specific CD8+ T cells, indirectly
activated Clec9A+ DCs render CD8+ T cell tolerant via engagement of co-inhibitory
signalling pathways, such as for instance PD-L1/PD-1. It would be interesting to
analyse whether indirectly activated Clec9A+ DCs indeed induce antigen-specific CD8+
T cell tolerance via expression of immunoregulatory proteins. Nonetheless, it seems
that immature Clec9A+ DCs are more efficient in inducing antigen-specific CD8+ T cell
tolerance than indirectly activated Clec9A+ DCs.
Further, we sought to determine whether indirectly activated Clec9A + DCs have the
potential of protecting RIP-GP mice from autoimmune diabetes. In our experimental
setting, indirectly activated Clec9A+ DCs did not protect RIP-GP mice from
autoimmune diabetes. Nevertheless, we cannot rule out the possibility that these DCs
might protect RIP-GP mice from type I diabetes when a different immunization regimen
is applied, e.g. changing the injection dose of anti-Clec9A-gp33/R848, repetitive
injections or applying a different administration route, or when a differently prepared
targeting antibody is used. Also, it must be noted that in our experimental setting, also
immature Clec9A+ DCs did not robustly protect RIP-GP mice from the development of
hyperglycemia, indicating suboptimal experimental conditions.
In the present study, we provide evidence that indirectly activated Clec9A+ DCs confer
antigen-specific CD8+ T cell tolerance. It would be interestingly to assess whether
induction of specific T cell tolerance is a general functional property of indirectly
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activated DCs. Therefore, it would be interesting to unravel the ability of indirectly
activated Clec9A+ DCs to induce antigen-specific CD4+ T cell tolerance. In addition, it
remains to be determined whether also Clec9A- DCs that have been activated in an
indirect manner harbour the ability of rendering CD8 + or CD4+ T cells refractory to
antigen challenge.
In summary, our data show that indirectly activated Clec9A + DCs do not support CTL
responses, but instead induce antigen-specific CD8+ T cell tolerance in vivo.
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4.5.

Supplementary information

Supplementary Figure 4.1. Antigen targeting via anti-Clec9A-gp33 hybrid antibodies does not
alter the response towards an unrelated viral peptide.
P14 cells were infused into wt-B6 mice. One day later, mice were immunized s.c. with anti-Clec9Agp33 (15 g) injected alone or along with CpG or R848. Then, twelve days post priming, mice were
infected with VV-G2. Splenocytes were isolated six days after infection and ex-vivo restimulated with
B8R peptide. Representative flow cytometry contour plots of IFN TNF and CD107a staining (left)
and percentage effector function pos. CD44hi of P14 cells (right) is shown as mean ± SEM of n=3 mice
representative of two independent experiments; n.s., not significant; *<0.05; (2-tailed unpaired t test).
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Supplementary Figure 4.2. Antigen targeting via anti-Clec9A-gp33 hybrid antibodies does not
alter the response towards an unrelated viral peptide.
Wt-B6 were immunized s.c. with anti-Clec9A-gp33 (15 g) injected alone or along with CpG or R848.
Then, twelve days post priming, mice were infected with VV-G2. Splenocytes were isolated six days
after infection and ex-vivo restimulated with B8R peptide. (A) Representative flow cytometry contour
plots of IFN TNF and CD107a staining (left) and percentage effector function pos. CD44hi of CD8+
T cells (right) is shown as mean ± SEM of n=11-12 mice pooled from four independent experiments;
n.s., not significant; (2-tailed unpaired t test). (B) Frequency of polyfunctional CD44hi of CD8+ T cells is
shown as mean ± SEM of n=11-12 mice pooled from four independent experiments; n.s., not significant;
(2-tailed unpaired t test).
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5.1.

General Discussion

Overview

DCs are the main antigen-presenting cells and play a crucial role in inducing both
immunity and self-tolerance. The current dogma states that while antigen presentation
by mature DCs induces immunity, antigen presentation by immature DCs results in T
cell tolerance (Hawiger et al., 2001; Probst et al., 2003; Steinman and Nussenzweig,
2002). The DCs’ transition from an immature to an activated functional state is
generally triggered by pathogen exposure and subsequent pathogen recognition
receptor (PRR) signalling. Alternatively, DCs can also become activated indirectly via
inflammatory mediators produced by other cells exposed to pathogens (Joffre et al.,
2009). There is increasing evidence that directly and indirectly activated DCs differ in
their ability to regulate T cell responses. While directly activated DCs provide all three
signals to naive T cells and induce effector T cell responses, indirectly activated DCs
only provide signal 1 and 2 and fail to promote effector T cell differentiation (Desch et
al., 2014; Kratky et al., 2011; Sporri and Reis e Sousa, 2005). This is in line with
previously published data showing that tolerogenic DCs can be generated by
subjecting immature DCs in vitro to certain maturation stimuli (Albert et al., 2001; Jiang
et al., 2007; Menges et al., 2002). Interestingly, it was shown that indirectly activated
DCs occur widespread within the host during an infection and that in fact, the vast
majority of DCs do not interact directly with the pathogen, but instead become activated
indirectly via inflammatory stimuli PAMPs (Yrlid et al., 2001). Nevertheless, the
functional properties of indirectly activated DCs remain elusive. This thesis thus aimed
to elucidate the functional role of indirectly activated DCs and in particular, to unveil
whether endogenous DCs activated by inflammatory cues have the potential to induce
T cell tolerance in vivo.
We demonstrate that Clec9A+ DCs are activated indirectly by a TLR7 agonist (e.g.
R848) via inflammatory mediators (e.g. type I IFNs and TNF ). Thus, we injected antiClec9A-gp33 plus the TLR7 agonist R848 into mice to target the model antigen gp33
to indirectly activated Clec9A+ DCs and to analyse the ability of such activated DCs to
regulate T cell responses. Strikingly, we found that while indirectly activated Clec9A+
DCs fail to support CTL differentiation, they confer antigen-specific CD8+ T cell
tolerance in vivo (illustrated in Figure 5.). These data therefore emphasize that DCs
exhibiting a high costimulatory potential are not always supporting T immunity and can
instead also be tolerogenic. Therefore, this study challenges the current dogma and
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highlights that the term ‘mature’ has been used to describe a heterogenous population,
comprising DCs which might considerably differ in their functional properties.

Figure 5: Indirectly activated DCs induce antigen-specific T cell tolerance in vivo.
Clec9A+ DCs lack TLR7 expression and can only be activated in an indirect manner in response to in
vivo application of the TLR7 agonist R848. Thus, anti-Clec9A-gp33 hybrid antibodies were injected
together with R848 to target the model antigen gp33 to indirectly activated Clec9A+ DCs. The data
presented here suggest that indirectly activated Clec9A+ DCs do not support T cell immunity, but
instead confer antigen-specific CD8+ T cell tolerance in vivo.

5.2.

Experimental framework

Our data reveal that TLR7 is not expressed in Clec9A+ DCs and that consequently this
DC subset can only be activated via inflammatory mediators in response to in vivo
application of the TLR7 agonist R848. In accordance with recently published data
(Ardouin et al., 2016), our results show that Clec9A expression is not upregulated
under inflammatory conditions. Thus, we injected anti-Clec9A-gp33 hybrid antibodies
along with the TLR7 agonist R848 into mice in order to target the model antigen gp33
to indirectly activated Clec9A+ DCs. This experimental system permitted us to unravel
the functional role of indirectly activated DCs in vivo, without generating mixed bone
marrow chimeras (Kratky et al., 2011; Sporri and Reis e Sousa, 2005) or employing
genetically manipulated mice (Desch et al., 2014). We further did not require to transfer
either DCs or the responding T cells, but could analyse the ability of endogenous
indirectly activated DCs to regulate endogenous T cells in vivo.
To protect from a T cell-mediated autoimmune disease it is essential to tolerise the
entire pool of antigen-specific CD8+ T cells. It is well known that antigen-specific CD8+
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T cell effector responses are virtually absent when the antigen is presented by
immature DCs (Bonifaz et al., 2002; Probst et al., 2003). For instance, studies from
Bonifaz and colleagues demonstrate that transgenic antigen-specific CD8+ T cells
literally produce no IFN when they were primed by immature DEC-205+ DCs (Bonifaz
et al., 2002). In contrast, in our experiments ca. 12% of P14 cells primed by immature
Clec9A+ DCs still produce IFN . Furthermore, in our experimental setting, immature
Clec9A+ DCs did not protect all RIP-GP mice from autoimmune diabetes. Therefore, it
seems that in our experimental system immature Clec9A+ DCs do not efficiently
tolerise CD8+ T cells recognizing cognate antigen and hence, were not able to induce
robust peripheral T cell tolerance. Underlying reasons could be that the used targeting
antibody does not always bind efficiently to Clec9A+ DCs in vivo or is not always
efficiently routed into the MHC class I presentation pathway. We cannot exclude that
the model peptide gp33, which was chemically coupled to anti-Clec9A (clone 7H11),
depending on the produced antibody batch, infers with the ability of anti-Clec9A (clone
7H11) to bind to Clec9A+ DCs. To circumvent this problem, it might be worthwhile to
genetically fuse the gp33 antigen to the C-terminus of anti-Clec9A (clone 7H11). In
addition, it might be worthwhile to remove possible endotoxins and aggregates from
the produced targeting antibody. Irrespectively, the fact that we were not able to induce
robust peripheral T cell tolerance by targeting our model antigen to immature Clec9A +
DCs showed that the quality of our targeting antibody is a limitation of our experimental
system.
Another caveat of the experimental system might stem from the finding that Clec9A is
not exclusively expressed by CD8+ DCs, but also by pre-DCs (Schraml et al., 2013)
and at lower levels by pDCs (Sancho et al., 2008), the latter of which also seem
respond to TLR7 agonists (Takagi et al., 2016). Nevertheless, these DCs seem to be
very poor presenters of exogenous antigens (Villadangos and Young, 2008) and
therefore effects from these cells on the level of T cell activation might can be excluded.
In addition, it must be noted that we used VV-G2 to analyse the ability of gp33-specific
CD8+ T cells to respond to antigen re-encounter, as published data showed that LCMV
is more effective in breaking tolerance than VV (Welsh et al., 2000). Nonetheless, it
might be worthwhile to analyse whether gp33-specific CD8+ T cells primed by
immature or indirectly activated DCs are still refractory to antigen challenge when the
antigen is delivered in form of a LCMV infection.
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5.3.

Towards the development of DC-based vaccines

Owing to the DCs' superior ability to orchestrate T cell responses, DC-based vaccines
have been developed, aiming to manipulate adaptive immune responses in several
pathogenic conditions, such as neoplastic and infectious diseases as well as in the
context of autoimmunity. Initial studies used autologous DCs, which were subjected
ex-vivo to maturation stimuli (e.g. TNF and poly I:C) and loaded with antigen prior to
re-infusion into the patient. Nonetheless, this approach, which has mainly been
explored in cancer patients, only showed limited success, as the clinical outcome in
most patients did not improve (Holtl et al., 2002; Kastenmuller et al., 2014; Tacken et
al., 2007). This could be explained by the observation that most re-infused peptidepulsed DCs did not migrate to the dLN (De Vries et al., 2003), which is the site where
T cell priming occurs. Another explanation could be that maturation stimuli used in at
least some of those studies, did not render DCs immunogenic. It must be also noted
that DC-based vaccines employing autologous DCs are very labour and cost intensive.
More recently, model antigens were administered in vivo either in an untargeted
manner or coupled to monoclonal antibodies, mediating specific delivery to distinct DC
subsets. In the former approach, model antigens were taken up unspecifically by
endocytosing APCs (Cho et al., 2000; Lori et al., 2005) and were consequently
presented by cells which might considerably differ in the quality of the T cell response
that they induce. In the second approach, model antigens were linked to monoclonal
antibodies (or ligands), which specifically bind to receptors expressed by distinct DC
subsets. Therefore, this approach enabled to substantially reduce the dose of the
injected antigen (Bonifaz et al., 2002). Since Clec9A+ DCs are highly efficient in eliciting
CTL responses in both mice and humans (Huysamen et al., 2008; Poulin et al., 2012;
Poulin et al., 2010), Clec9A is currently regarded as a promising targeting receptor for
the treatment of a variety of conditions, including malignant and infectious diseases
(Kastenmuller et al., 2014; Shortman et al., 2009). Yet, it remains to be determined
whether Clec9A targeting can also be exploited to induce specific T cell tolerance and
hence, potentially be used for the prevention of T cell mediated autoimmunity. In
addition, there is an emerging need to refine the activation requirements of distinct DC
subsets, to design DC-based vaccines, which allow to evoke T cell responses most
adequate for the respective disease setting.
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Indirectly activated DCs induce antigen-specific CD8+ T cell tolerance in

vivo
In line with previously published data (Desch et al., 2014; Kratky et al., 2011; Sporri
and Reis e Sousa, 2005), our results underline that indirectly activated Clec9A+ DCs
fail to support CTL differentiation. We thus wondered whether indirectly activated
Clec9A+ DCs confer functional CD8+ T cell tolerance. Our results show that CD8+ T
cells primed by indirectly activated Clec9A+ DCs are refractory to antigen challenge, at
least with respect to "secondary" effector cell differentiation, reflected by a diminished
ability to produce effector cytokines (e.g. IFN and TNF ), to degranulate and to
acquire a polyfunctional profile upon antigen re-encounter. In these mice, CD8+ T cells
mounted a normal effector response towards an unrelated antigen. Therefore, these
data demonstrate that indirectly activated Clec9A+ DCs indeed induce antigen-specific
CD8+ T cell tolerance. Intriguingly, we found that antigen presentation by immature
Clec9A+ DCs leads to a decreased frequency of antigen-specific CD8+ T cells, whereas
antigen presentation by indirectly activated Clec9A+ DCs did not alter the frequency of
CD8+ T cells recognizing cognate antigen. Therefore, these data argue that, in contrast
to immature Clec9A+ DCs, indirectly activated Clec9A+ DCs do not impair the ability of
antigen-specific CD8+ T cells to undergo clonal re-expansion following antigen
challenge. As indirectly activated Clec9A+ DCs do not seem to induce tolerance via
clonal deletion, but exhibit an increased expression of immunoregulatory proteins (e.g.
PD-L1 and IL-10), it seems conceivable that indirectly activated Clec9A+ DCs induce
antigen-specific CD8+ T cell tolerance via expression of these molecules. Generally,
we observed that CD8+ T cells are more refractory to antigenic challenge when primed
by immature Clec9A+ DCs than by indirectly activated Clec9A+ DCs.
Irrespectively, these data emphasize that endogenous Clec9A+ DCs activated by
inflammatory stimuli confer antigen-specific CD8+ T cell tolerance in vivo.
5.5.

The TLR7 agonist R848 itself supports CTL differentiation

In our experimental system, we applied the TLR7 agonist R848 to activate Clec9A+
DCs in an indirect manner. As discussed, we found that such activated DCs do not
induce CTL responses, but antigen-specific CD8+ T cell tolerance. Nevertheless, it
could be argued, that the incapability of indirectly activated DCs to promote CTL
responses could stem from an incapacity of the reagent R848 to serve as an adjuvant.
Referring to this, it must be noted that we showed that R848 not only induced the
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expression of costimulatory molecules in both Clec9A- and Clec9A+ DCs, but also
evoked robust production of pro-inflammatory cytokines (e.g. IL-12 and TNF ) in
Clec9A- DCs. In addition, we found in accordance with previously published data
(Desch et al., 2014) that R848 itself promotes T cell immunity when it is matched with
the PRRs expressed by the targeted DC subset and thus we excluded the possibility
that indirectly activated Clec9A+ DCs fail to support CTL differentiation due to an
inability of R848 to elicit CTL responses. Nevertheless, it must be mentioned that R848
is less potent in inducing CD8+ T cell immunity than CpG.
5.6.

Practical implication for the design of DC-based vaccines

The present study emphasizes that differentially activated DCs have distinct abilities
of regulating CD8+ T cell responses. Thus, DC-based vaccines should seek to activate
the targeted DC subset in such a manner that an appropriate T cell response can be
induced. It is therefore critical to match adjuvants that are co-administered with the
targeting antibody, to the PRR repertoire of the targeted DC subset. Our data
demonstrate that Clec9A+ DCs lack TLR7 expression and are therefore, activated via
inflammatory mediators in response to a TLR7 agonist. Consequently, adjuvants
engaging TLR7 (e.g. R848 and R837) should not be used in DC-based vaccines aiming
to enhance specific T cell immunity by targeting a model antigen to Clec9A + DCs.
Instead, such vaccines should rather use for example TLR9 agonists, as they seem to
render Clec9A+ DCs immunogenic. Generally, DC-based vaccines aiming to enhance
T cell immunity should use an adjuvant that triggers a PRR expressed by the targeted
DC subset. Besides using immunotherapies to promote T cell immunity, DC-based
vaccines can also be used to specifically attenuate T cell responses. Indeed,
previously published data revealed that antigen targeting to immature DEC-205+ DCs
allows to specifically induce T cell tolerance (Bonifaz et al., 2002; Hawiger et al., 2001)
and to ameliorate clinical manifestations of a T cell-mediated autoimmune disease
(Idoyaga et al., 2013; Mahnke et al., 2016; Wadwa et al., 2016). Although we were not
able to tolerise the entire pool of antigen-specific CD8+ T cells (as discussed before),
our data suggest that antigen targeting to immature Clec9A+ DCs in principle allows to
induce specific CD8+ T cell tolerance.
Interestingly, published studies show that in vitro matured DCs in some instances
exhibit more tolerogenic properties than their immature counterparts (Albert et al.,
2001; Menges et al., 2002). This, however, was not confirmed with our data. Instead,
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we found that, at least in our experimental setting, immature Clec9A+ DCs are superior
to indirectly activated Clec9A+ DCs in conferring T cell tolerance. Thus, our results
suggest that immunotherapies should target antigens to immature and not to indirectly
activated DCs to induce peripheral T cell tolerance.
5.7.

Open Questions

5.7.1. Which signals drive phenotypic DC activation in vivo?
Published data suggested that factors derived from TLR-triggered DCs themselves
drive indirect DC activation in vivo (Hou et al., 2008). Here we propose that both type
I IFNs as well as TNF contribute to bystander DC activation. Yet, the question remains
whether these factors are solely responsible for mediating paracrine DC activation or
whether other DC-released cytokines, such as IL-1 or GM-CSF are also involved.
In addition, our data demonstrate that type I IFNs, are not only involved in mediating
indirect DC activation, but also support phenotypic maturation of directly activated
DCs.

5.7.2. Via which mechanisms do indirectly activated Clec9A+ DCs tolerise CD8+
T cells?
T cell responses are controlled by both costimulatory as well as co-inhibitory signalling
pathways. The latter suppress T cell effector responses to preserve tissue
homeostasis and hence, protect from immunopathology and autoimmunity. We found
that while indirectly activated DCs lack the production of pro-inflammatory cytokines,
they express immunoregulatory proteins such as PD-L1 and IL-10 as their directly
activated counterparts do. Therefore, it seems conceivable that indirect DC activation
tips the balance towards the induction of tolerance, leading to active inhibition of T cell
effector responses. In this line, it would be interesting to assess whether, apart from
PD-L1 and IL-10, indirectly activated DCs also express other immunoregulatory
molecules (e.g. PD-L2 and TGF- ), respectively induce the expression of co-inhibitory
receptors (e.g. CTLA-4, LAG-3, PD-1, TIGIT and Tim3) (Frebel et al., 2010; Joller et
al., 2011) on antigen-specific T cells. As previously discussed, it seems that indirectly
activated DCs do not induce T cell tolerance via clonal deletion of antigen-reactive T
cells.
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5.7.3. Do indirectly activated Clec9A+ DCs tolerise low avidity self-reactive T
cells?
It was previously shown that low avidity self-reactive T cells frequently escape central
and peripheral tolerance mechanisms and, when properly activated, are able to cause
tissue destruction (Zehn and Bevan, 2006). As discussed, indirectly activated DCs
exhibit a high expression of CD40 as well as costimulatory (e.g. CD80 and CD86) and
immunoregulatory molecules (e.g. PD-L1). It can be speculated that these molecules
decrease the threshold required to trigger the TCR and hence, to induce T cell
tolerance and that consequently indirectly activated DCs are superior to immature DCs
in tolerising low avidity self-reactive T cells. Therefore, it would be interesting to target
model antigens to immature, respectively indirectly activated Clec9A + DCs and to
analyse their potential to tolerise low-avidity self-specific CD8+ T cells. As such, the
model peptide SIINFEKL could be targeted to immature or indirectly activated DCs and
then the ability of these DCs to tolerise OT-1 or OT-3 cells could be analysed. OT-1
and OT-3 are TCR transgenic CD8+ T cells recognizing SIINFEKL presented on H-2Kb
with high, respectively low affinity.
5.7.4. Tolerance induction by indirectly activated DCs: A unique feature of
Clec9A+ DCs?
In this study, we show that indirectly activated Clec9A+ DCs tolerise antigen-specific
CD8+ T cells. However, we cannot exclude that tolerance induction by indirectly
activated DCs is a unique property of Clec9A+ DCs. Therefore, it might be worthwhile
to target a model antigen to indirectly activated Clec9A- (DCIR2+) DCs and to analyse
whether they harbour the capacity of conferring CD8+ T cell tolerance. Preliminary
results not shown in this thesis indicate that Clec9A- DCs lack TLR3 expression.
Therefore, it seems conceivable that anti-DCIR2 hybrid antibodies can be injected
along with poly I:C, which is a TLR3 agonist, in order to target a model antigen to
indirectly activated Clec9A- (DCIR2+) DCs. In addition, a CD4+ T cell epitope could be
targeted to indirectly activated DCs in order to analyse the ability of indirectly activated
DCs to confer CD4+ T cell tolerance.
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5.7.5. Do CD4+ T cells tailor CD8+ T cell responses induced by indirectly
activated Clec9A+ DCs?
In the present study we used the immunodominant CD8 + T cell epitope gp33 as a
model antigen. Consequently, we employed an experimental system in which the
ability of indirectly activated DCs to induce CTL responses was studied independently
of competent cognate CD4+ T cell help. We therefore cannot exclude the possibility
that CD4+ helper T cells primed by directly activated DCs tailor CD8+ T cell responses
induced by indirectly activated DCs. To test this, CD8+ T cell and CD4+ T cell epitopes
could be targeted to indirectly, respectively directly activated DCs. For example, the
CD8+ T cell epitope could be targeted to Clec9A+ DCs and the CD4+ T cell epitope
could be targeted to DCIR2+ (Clec9A-) DCs in the presence of a TLR7 agonist.
5.7.6. How long does T cell tolerance last?
Studies have shown that antigen-specific T cell tolerance is gradually reversed in
euthymic mice ca. 3-6 weeks after induction. In these studies, it seems that T cell
tolerance lasts for ca. 2-4 months after initiation. In contrast, T cell tolerance was
maintained in thymectomized mice (Aichele et al., 1995; Metzler and Wraith, 1999).
These data suggest that antigen-specific T cell tolerance is reversed by newly formed
T cells egressing the thymus. In practice, this suggest that DC-based vaccines aiming
to induce antigen-specific T cell tolerance in the context of autoimmunity, probably
must be applied every few weeks.
5.7.7. Do indirectly activated DCs induce tolerance during infections?
Here we treated mice with hybrid antibodies and single adjuvants to analyse the
functional role of differentially activated Clec9A+ DCs. Nevertheless, the question
remains whether the findings hold true in a more complex experimental system, as for
instance in the setting of an infection, where multiple PRRs are triggered. To approach
this question, it might be worthwhile to use mixed bone marrow chimeras, in which
PRR-signalling pathways known to be triggered by a specific pathogen are abrogated
in the antigen presenting DCs. In this experimental system, T cells would be primed by
indirectly activated DCs. Then, the ability of T cells to respond to antigen challenge
could be analysed.
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5.7.8.

Do indirectly activated Clec9A+ DCs support the generation of iTregs?

Several lines of evidence demonstrate that tolerogenic DCs also contribute in
maintaining peripheral T cell tolerance by supporting the conversion of antigen-specific
CD4+ T cells into iTregs (Mahnke et al., 2016; Maldonado and von Andrian, 2010). In
this regard, it was recently shown that immature DEC-205+ DCs enhance the
generation of antigen-specific iTregs (Henderson et al., 2015; Mahnke et al., 2016;
Wadwa et al., 2016) via the expression of the immunoregulatory protein BTLA (Jones
et al., 2016). In addition, published data demonstrated that co-inhibitory receptor CD31
supports iTreg conversion induced by tolerogenic DCs (Clement et al., 2014). Thus,
future studies might aim to unravel whether indirectly activated DCs induce peripheral
CD4+ T cell tolerance via the expression of immunoregulatory proteins. In particular, it
would be interesting to assess whether indirectly activated DCs express the
immunoregulatory proteins BTLA or CD31, which support the generation of iTregs, and
furthermore to analyse whether indirectly activated DCs are capable of inducing
antigen-specific iTregs.
5.8.

Concluding remarks

Inflammation is an innate immune response regulating numerous cellular processes
including bystander DC activation. Intriguingly, indirect DC activation represents the
predominant mode of DC activation during the course of an infection and is associated
with profound changes in gene expression. Yet, the functional relevance of
endogenous indirectly activated DCs remains elusive. We provide evidence that DCs
activated by an inflammatory milieu evoke specific T cell tolerance in vivo. Therefore,
it is tempting to speculate that indirectly activated DCs contribute in maintaining
peripheral T cell tolerance and hence, tissue homeostasis during an inflammatory
response. In addition, we were able to specifiy cytokines driving in vivo bystander DC
activation.
This thesis thus gives new insights into the functional properties of indirectly activated
DCs and bears practical implications for the design of novel immunotherapies, aiming
to specifically suppress T cell responses in the context of autoimmunity.
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6.1.

Mice

Wild-type C57BL/6 mice were purchased from Janvier Elevage (Le Genest St. Isle,
France). Clec9A-GFP mice (Sancho et al., 2009), P14 transgenic mice on a CD45.1
congenic background (Pircher et al., 1990), Ifnar1-/- mice (Muller et al., 1994), Tnf-/mice (Marino et al., 1997), IL-15-/- mice (Kennedy et al., 2000), IL-12Rb2-/- mice (Wu
et al., 2000), and RIP-GP mice (Ohashi et al., 1991) were bred and housed under
specific-pathogen-free conditions at the Eidgenössische Technische Hochschule
Zürich (Switzerland). All mice were used 6-12 weeks of age and sex-matches within
experiments. All animal experiments were performed according to the institutional
policies and have been reviewed by the cantonal veterinary office.
6.2.

Reagents and media

Resiquimod (R848) was obtained from Enzo Life Sciences (Lausen, Switzerland) and
CpG

oligonucleotide

1668

(TCCATGACGTTCCTGATGCT,

phosphorothioate

backbone) was synthesized by Mycrosynth (Balgach, Switzerland). Rat IgG1 isotype
control (clone HRPN) was purchased from from BioXcell (West Lebanon, NH, USA).
Also, anti-DCIR2 (clone 33D1, ratIgG2b) was purchased from BioXcell (West Lebanon,
NH, USA). All reagents used for all in vivo experiments, were formulated in sterile PBS.
6.3.

Cell culture

Cells were cultivated ex-vivo in complete medium (RPMI 1640 supplemented with 10%
heat-inactivated fetal calf serum, 100 units/ml penicillin, 100 mg/ml streptomycin, 2 mM
glutamine and 50 M 2-mercapto ethanol), which is subsequently referred to as RPMI
10. For the production of anti-Clec9A (clone 7H11), hybridomas producing anti-Clec9A
(clone 7H11, rat IgG1) (Sancho et al., 2008) were cultured in RPMI 10 supplemented
with 1% IgG-depleted heat-inactivated fetal calf serum, instead of 10% heat-inactivated
fetal calf serum.
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Viruses, peptides and infections

LCMV-WE was provided by Dr. R.M Zinkernagel (University Hospital Zürich,
Switzerland) and was propagated at a low multiplicity of infection on L929 fibroblast
cells. Recombinant VV expressing the LCMV glycoprotein (VV-G2) was originally
obtained from Dr. D.H.L. Bishop (Oxford University, Oxford, U.K.) and was grown on
BSC40 cells at a low multiplicity of infection as well as plaqued on these cells.
The LCMV-derived peptides gp33-41 (gp33, KAVANFATM, presented on H-2Db) and
np396-404 (np396, FQPQNGQFI, presented on H-2Db) as well as the VV-derived peptide
B8R20-27 (B8R, TSYKFESV, presented on H-2Kb) were purchased from NeoMPS
(Strasbourg, France).
Infection with 200 ffu LCMV-WE were performed i.v. Infection with 5x106 pfu VV-G2
was performed intraperitoneally i.p.
6.5.

Sequencing LCMV-GP encoded by RIP-GP mice

The LCMV-GP encoded by RIP-GP mice was sequenced to ensure that the LCMV-GP
targeted via anti-Clec9A hybrid antibodies to Clec9A+ DCs corresponds to the LCMVGP expressed by RIP-GP mice. To this end, DNA from ear biopsies of RIP-GP and
wild-type C57BL/6 mice (negative control) was isolated using the Blood and Tissue Kit
DNeasy (Quiagen, Hombrechtikon, Switzerland) according to the manufactor's
instructions. To amplify the LCMV-GP sequence encoded by RIP-GP mice and sent it
for sequencing, a PCR was performed on a Professional Trio Thermocycler (Biometra,
Göttingen, Germany). The following primer pairs were used for the PCR: Forward
primer:

5'-ATGCTCAGCCAAGGACAAAG-3'

and

Reverse

primer:

5'-

ATGCTCAGCCAAGGACAAAG-3'. The PCR product at ca. 3000 bps (only visible in
the RIP-GP sample) was analysed by DNA sequencing (performed by Microsynth,
Balgach, Switzerland) and corresponded to the LCMV-GP peptide encoded by RIPGP mice.
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6.6.

Molecular cloning of antigenic peptide to anti-Clec9A (clone 397)

To generate anti-Clec9A hybrid antibodies and the corresponding isotype control we
used eukaryotic expression vectors (pVITRO) encoding the rat IgG2b heavy chain
cDNA of anti-Clec9A (clone 397) or isotype control (clone p21) and their respective Igκ
light chain cDNA, which we obtained from Dr. S. Diebold (King's college, London, UK).
The full-length LCMV-GP sequence was cloned in frame to the C-terminus of antiClec9A and isotype control. The LCMV-GP insert was amplified from the pDP016plasmid, which we obtained from Prof. Daniel Pinschewer (University Basel, Basel,
Switzerland) The constructs were generated by PIPE (Polymerase Incomplete Primer
Extension) cloning, which is a ligase-independent cloning strategy, based on the
principle that during the last few cycles of a normal PCR incomplete amplification
products are generated and therefore a population of DNA molecules is generated that
is partially single stranded at the ends. The following primer pairs were used to amplify
the

insert:

Forward

primer:

CCGGCCTCCGGGTAAAATGGGCCAGATCGTGACCATGTTC-3'
primer:

5'and

5'-CTGTACAAGATCTTCATTATCTCCTCTTCCATATGGTTTT-3'.

reverse
The

following primer pairs were used to amplify the backbone: Forward primer: 5'
TGAAGATCTTGTACAGCTAGCTGG-3'
TTTACCCGGAGGCCGGGAGA-3'.

and

reverse

primer:

Following amplification of the insert and the

backbones, 100 ng of the PCR products were mixed and incubated for 30 min at RT
and subsequently transformed into competent E. coli.
In addition, anti-Clec9A (clone 397) hybrid antibodies were generated to which only
the gp33 peptide was added to the C-terminus. To this end, The C-terminal part of antiClec9A as well as the 3' region of the C-terminus was amplified by PCR. The following
primer pairs were used: Forward primer: 5'-GCCTCCGGGTAAATGAAG-3' and
reverse primer: 5'-TCCGGCAAACAAACCACC-3'. In a second PCR, the product of
the first PCR was amplified. For that purpose, the following primer pairs were used:
Forward

primer:

5'-

AGGGTCTGCACAATCACCACGTGGAGAAGAGCATCTCCCGGCCTCCGGGTAAA
GGCGGCGGATTTAGGAAAGCAGTCTACAATTTTGCAACTTGTTGAAGATCTTGT
ACAGCTAGCTGGCC-3' and reverse primer: 5'-TCCGGCAAACAAACCACC-3'. The
product of this second PCR includes to C-terminus of the antibodies to which the gp33peptide was added as well as the region downstream of the C-terminus. This PCR
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product further includes a DraIII and a Psil restriction enzyme site. The product of the
second PCR was subsequently inserted into the backbones to generate the hybrid
antibodies by site-directed cloning.

6.7.

Expression of anti-Clec9A (clone 397) hybrid antibodies

To express the anti-Clec9A hybrid (clone 397) antibodies and isotype control, HEK293
T cells were transfected with the pVITRO plasmid encoding the anti-Clec9A hybrid
antibody (clone 397), respectively the isotype control, by calcium phosphate, as
previously described (Kingston et al., 2003). In addition, CHO-S were transfected by
PEI, as previously described (Rajendra et al., 2011). CHO-S cells were provided by
Prof. Dr. D. Neri (ETH Zurich, Zurich, Switzerland).

6.8.

Antibody purification

Supernatants of cells producing anti-Clec9A (clone 397) hybrid antibodies, the isotype
control (clone p21) or anti-Clec9A (clone 7H11) were harvested and antibodies were
purified by protein G chromatography and eluted under acidic conditions (0.1 M
glycine, pH 2.7). Elution fractions were immediately neutralized by using 0.04 volumes
1 M Tris (pH 9). Purity and specificity were assessed by ELISA and SDSPAGE/Coomassie-staining. In addition, we confirmed by flow cytometry that the
purified anti-Clec9A (clone 397) hybrid antibodies as well as the anti-Clec9A (clone
7H11) antibody were able to bind Clec9A by using isolated CD8 + (Clec9A+) and CD8(Clec9A-) DCs.

6.9.

Chemical coupling of antigenic peptide to antibody

The peptide used for the coupling reaction contains at the N-terminus the gp33-epitope
(KAVYNFATM) and an added cysteine and biotin at the C-terminus and was
purchased from EMC Microcollections GmbH (Tübingen, Germany). By using a SulfoSMCC Kit (Thermo Scientific, Wohlen, Switzerland), the antigenic peptide was coupled
to both anti-Clec9A or its isotype control, according the the manufacturer's instructions.
In addition, the antigenic peptide was coupled to anti-DCIR2. The coupled antibodies
are subsequently referred to as anti-Clec9A-gp33 or anti-DCIR-gp33, respectively.
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Coupling of the antigenic peptide to the antibodies was confirmed by ELISA. The
antigenic peptide was coupled to anti-Clec9A and its isotype control at a ratio 1:1. The
ability of anti-Clec9A-gp33 to bind Clec9A was confirmed by in vivo flow cytometry.

6.10. ELISA
For the detection of anti-Clec9A (clone 397, rat IgG2b or clone 7H11, rat IgG1), ELISA
plates (Nunc MaxiSorb immunoplates, Thermo Scientific, Waltham, MA, USA) were
coated with anti-rat IgG2b (clone G15-337, 2
Switzerland) or anti-rat IgG1 (clone MRG1-58, 2

g/ml, BD Biosciences, Allschwil,
g/ml, Biolegend, LucernaChem

Luzern, Switzerland) in coating buffer (0.1 M NaHCO3, pH 8.2) overnight at 4°C.
Following blocking with PBS containing 10% BSA, supernatants or purified antibodies
were transferred onto the wells and incubated overnight at 4°C. After extensive
washing, anti-rat IgG2b-biotin (clone RG7/11.1, 1 g/ml, BD Biosciences, Allschwil,
Switzerland) or anti-rat (H+L)-biotin (polyclonal, Jackson ImmunoResearch, Suffolk,
UK) was loaded onto the wells and incubated for 1 hour at room temperature.
Subsequently, wells were washed and Extravidin coupled to alkaline phosphate
(Sigma Aldrich, Buchs, Switzerland) was transferred onto the wells. After 1 hour
incubation, plates were developed with 50

l/well of a solution containing alkaline

phosphate substrate (Nitrophenol phosphate tables, Sigma Aldrich, Buchs,
Switzerland). The colour reaction was read at 405 nm in a SpectraMax Plus
spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). Alternatively, to detect
the antigenic peptide (containing the biotin moiety), which was chemically coupled to
anti-Clec9A (clone 7H11) or anti-DCIR2 (clone 33D1), ELISA plates were coated with
anti-Clec9A-gp33 (clone 7H11) or anti-DCIR2-gp33 (clone 33D1) in coating buffer
(0.1M NaHCO3, pH 8.2) overnight at 4°C. Detection of biotin was performed analogous
to the detection of rat IgG2b, respectively rat IgG1.
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6.11. In vivo DC activation
To activate DCs in vivo, mice were treated with 10

g R848 or 50

g CpG i.v.

Alternatively, mice were stimulated with 10 g R848 or 5 g CpG s.c. Spleens or dLNs,
respectively, were isolated 8 hours or 3 hours after stimulations to assess the
expression of costimulatory and intracellular cytokines, respectively. Single cell
suspension were obtained by enzymatic digestion with Liberase/DNase (Roche
Diagnostics, Basel, Switzerland) for 15 min at 37°C. Cell surface and intracellular
stainings were performed as described below.

6.12. CFSE labelling, adoptive transfer and immunizations
Following enzymatic digestion of spleens from naive P14 mice with Liberase/DNase
(Roche Diagnostics, Basel, Switzerland) for 15 min at 37°C, CD8 + T cells were
enriched by using anti-CD8 magnetic beads (Miltenyi Biotech, Bergisch, Gladbach).
To label P14 cells with CFSE (Molecular Probes/Life Technologies Europe, Zug,
Switzerland), 2.5×106 P14 cells/ml were incubated in PBS supplemented with 2.5 M
CFSE for 12 min at 37°C. Cells were then washed twice with ice-cold RPMI 10 and
resuspended in PBS to adoptively transfer. Either 30'000 unlabelled P14 cells or
0.5×106 CFSE-labelled P14 cells were adoptively transferred into naive recipient mice
1 day prior immunizations. Anti-Clec9A-gp33 or isotype control was injected at the
indicated doses alone or together with 10 g R848 or 5 g CpG in 50 l PBS s.c. into
the hind f.p. Anti-DCIR2-gp33 was injected at the dose of 4 g either alone or with 10
g R848 in 50 l PBS s.c. into the hind f.p.
Alternatively, RIP-GP mice were pre-treated i.p. with 100 g gp33 peptide or PBS
(control mice) emulsified in IFA at nine, six and three days prior i.v. infection with 200
ffu LCMV.
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6.13. Flow cytometry
Stainings for flow cytometric analysis were performed on whole-blood or single cell
suspensions from the indicated organs. Cell surface stainings were performed for 30
min at 4°C in ice-cold FACS buffer (1× PBS, 2 mM EDTA, 1% heat-inactivated FCS,
0.1% sodium azide) or for cytometric cell sorting in sterile PBS containing 2 mM EDTA
and 1% heat-inactivated FCS. Alternatively, tetramer stainings were performed for 30
min at RT in FACS buffer (1× PBS, 2 mM EDTA, 1% heat-inactivated FCS, 0.1%
sodium azide). The following anti-mouse antibodies were purchased from Biolegend
(LucernaChem, Luzern, Switzerland) and used for flow cytometry: CD45.1-Pacific
Blue, CD8-BV510, CD8-APC-Cy7, CD8-PerCP, CD3e-BV605, CD3e-FITC, CD19BV605, CD19-FITC, CD49b-FITC, NKp46-BV605, CD11c-BV421, CD11c-PE-Cy7, IA/I-E-PerCP, Clec9A-PE, CD86-APC, CD40-PE-Cy7, CD80-FITC, CD44-APC, CD44BV510, IFN -PE-Cy7, IFN -PE, TNF -APC, IL12p40-ACP, CD107a-FITC. In addition,
LIVE/DEAD Fixable Near-IR dead cell stain (Life Technologies) was used to exclude
dead cells. Tetrameric APC-conjugated peptide MHC-class I complexes were
prepared as previously described (Altman et al., 1996). Following surface stainings of
whole blood suspensions, samples were incubated 10 min at RT in ACK lysis buffer
(150 mM NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA, pH 7.2). To analyse the production
of the effector cytokines TNF and IFN as well as degranulation by CD8+ T cells, cell
suspensions from different organs were restimulated for 5 hours at 37°C in RPMI 10
supplemented with 1 M gp33, 1 M np396 or 1 M B8R peptide plus 2 M Monensin
A, 10 g/ml Brefeldin A and 0.5 g/ml anti-CD107a-FITC. To measure the production
of IL12p40 by DCs, single cell suspensions were incubated for 3 hours at 37°C in RPMI
10 supplemented with 2 M Monensin A and 10 g/ml Brefeldin A. For intracellular
staining, cells were fixed and permeabilised after surface marker staining in BD Lysing
solution (BD Biosciences) supplemented with 0.1% Tween-20 for 10 min at RT.
Subsequently, cells were washed and then intracellular staining for IL12p40, TNF
and IFN was performed for 30 min at 4°C in ice-cold FACS buffer (1× PBS, 2 mM
EDTA, 1% heat-inactivated FCS, 0.1% sodium azide). The data were acquired on a
FACS LSR II flow cytometer (BD Biosciences, Allschwil, Switzerland) using FACSDiva
software. Data were analysed with FlowJo software (Tree Star, San Carlos, CA, USA).
Cell sorting was performed on a FACS Aria flow cytometer (BD Biosciences, Allschwil,
Switzerland) using FACSDiva software.
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6.14. RNA isolation, reverse transcription and qPCR
Total RNA was isolated by using an RNeasy Micro Kit (Quiagen, Hombrechtikon,
Switzerland), according to the manufacturer's instructions. 100 ng RNA (Nanodrop)
was reverse-transcribed using the RT2 HT First Strand cDNA kit (Quiagen,
Hombrechtikon, Switzerland), according to the manufacturer's instructions. Real-time
PCR was performed by using a Rotorgene 3000 instrument (Corbett Research, Eight
Miles Plains, Australia) to assess SYBR green incorporation (FastStart Universal
SYBR Green Master, Roche Diagnostics, Switzerland). The following primer pars were
used for qPCR analysis: TLR7: 5'-CCACAGGCTCACCCATACTTC-3 and 5'GGGATGTCCTAGGTGGTGACA-3'

(Edwards

TTTGCACCAATCACAGCACAGA-3'

and

(Caminschi et al., 2008).

et

al.,

2003).

Clec9A:

5'-

5'-TGTGACTGCTCCCACAACTGGA-3'

-actin: 5'-CCCTGAAGTACCCCATTGAAC-3' and 5'-

CTTTTCACGGTTGGCCTTAG-3'. Data were analysed with Rotor-Gene 6000 Series
Software (Qiagen, Quiagen, Hombrechtikon, Switzerland). Expression of the
housekeeping gene -actin was used as an internal control for normalization. Relative
expression levels were calculated according to the 2-ΔΔCt method (Livak and
Schmittgen, 2001).

6.15. SDS-PAGE/Coomassie staining
To assess the purity of the anti-Clec9A preparation, 1

g/lane anti-Clec9A was

separated by SDS-PAGE (5% stacking gel, 10% separation gel). Following
electrophoresis, the gel was stained with Coomassie blue for 15 min at RT and
destained with tap water overnight.

6.16. Monitoring of blood glucose
The glucose concentration in the blood from the tail vein was measured using an Accucheck Aviva 100 (Roche Diagnostics, Schweiz). Mice were considered diabetic
following two consecutive measurements of > 15 mM glucose.
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6.17. Statistical analysis
Data were analysed and plotted with GraphPad Prism (GraphPad Software, La Jolla,
CA, USA). The results are presented as means ± SEM. Statistical analysis were
performed using a 2-tailed unpaired t test. * p<0.05, **p<0.01, ***p<0.001,
****p<0.0001; n.s. not significant.
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Abbreviatons

APC

Antigen-presenting cell

B8R

H-2Kb restricted epitope derived from vaccinia virus, residues 2027

bp

Base pair

CTL

Cytotoxic T lymphocyte

CFSE

Carboxyfluorescein diacetate succinimidyl ester

CpG

Oligonucleotide sequences containing unmethylated cytidine
phosphate guanosine (CpG) motifs, ligand for TLR9

CD

Cluster of differentiation

CFSE

Carboxyfluorescein succinimidyl ester

CHO-S cells

Chinese hamster ovary cells (growing in suspension)

cDC

Classical dendritic cell

cDNA

complementary deoxyribonucleic acid

DC

Dendritic cell

dLN

Draining lymph node

DNA

Deoxyribonucleic acid

d.p.i.

Days post infection

ELISA

Enzyme-linked immunosorbent assay

FACS

Fluorescence activated cell sorting

FCS

Fetal calf serum

ffu

Focus forming unit

GFP

Green fluorescent protein

gp33

H-2Db

restricted

epitope

derived

from

choriomeningitis virus glycoprotein, residues 33-41
HCV

Hepatitis C virus

HEK293T cells

Human embryonic kidney 293 cells
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HIV

Human immunodeficiency virus

IFA

Incomplete Freund's adjuvant

IFN

Interferon

IL

Interleukin

i.p.

Intraperitoneal

i.v.

Intravenous

iTreg

inducible regulatory T cell

LCMV

Lymphocytic choriomeningitis virus

LCMV-GP

Lymphocytic choriomeningitis virus glycoprotein

LN

Lymph node

LRR

Leucin-rich repeat

MFI

Median fluorescence intensity

MHC

Major histocompatibility complex

moDC

Monocyte-derived dendritic cell

np396

H-2Db

restricted

epitope

derived

from

Lymphocytic

choriomeningitis virus nucleoprotein, residues 396-404
OT-1

TCR transgenic CD8+ T cells specific to ovalbumin residues 257264 (pOVA) presented by H-2kb, recognize pOVA with high affinity

OT-3

TCR transgenic CD8+ T cells specific to ovalbumin residues 257264 (pOVA) presented by H-2kb, recognize pOVA with low affinity

P14

TCR transgenic CD8+ T cells specific to gp33 presented by H-2Db

pDC

Plasmacytoid dendritic cell

pMHC

Peptide presenting major histocompatibility complex

PAMP

Pattern-associated molecular pattern

PBS

Phosphate buffered saline

PEI

Polyethylenimine
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pfu

Plaque forming unit

PRR

Pattern recognition receptor

qPCR

Quantitative real time polymerase chain reaction

R848

Resiquimod, a synthetic TLR7 ligand

RNA

Ribonucleic acid

RT

Room temperature

s.c.

Subcutaneous

SEM

Standard error of the mean

TCR

T cell receptor

TGF-

Transforming growth factor

TLR

Toll-like receptor

TIR

Toll-interleukin 1 receptor

TNFα

Tumor necrosis factor

VV

Vaccinia virus

VV-G2

Vaccinia virus expressing gp33 peptide
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