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ABSTRACT
Antigen-specific interactions between antigen-presenting cells (APC) and T cells
result in the reciprocal activation of T cells and APC and are necessary for both cell
types to become fully functional effectors. Here, I studied two aspects of this process,
nam ely (i) the specificity of TCR/MHC interactions and (ii) feedback signals from T
cells to dendritic cells (DC), the most prominent APC type.
Firstly, I investigated the influence of self-peptide/M H C complexes on the
response of T cells to a foreign peptide. The vast majority of MHC molecules present
peptides derived from self proteins. I wondered if this "sea" of MHC molecules
loaded with self peptides can affect the response of CD8^ T cells to foreign peptide. To
this end, I used a monoclonal antibody to measure pOVA/H-2K^ complexes on TAP"'^'
versus TAP^'^^ APC and correlated this with the ability of either APC type to activate
pOVA-specific T cells. Surprisingly, T-cell activation was not affected by expression of
TAP by APC and depended exclusively on the absolute amount of presented pOVA.
These results imply that the repertoire of self-peptide/M H C complexes presented by
APC has a negligible effect on the response of CD8^ T cells to foreign ligand.
Secondly, I studied the role and functional implications of feedback signals from
activated T cells to DC using both in vitro and in vivo approaches. I found that during
T-cell priming, newly-activated T cells deliver signals that can promote the activation
of both DC that do and DC that do not present the relevant peptide {cis or tran s,
respectively). H owever, T cell-derived signals are not sufficient to induce full DC
activation in that they do not result in the secretion of cytokines important for T-helper
cell differentiation such as IL-12p70, unless the DC has received a prior signal in the
form of a microbial product. In the latter case, T cell signals can augment IL-12p70
production but this is strictly dependent on interactions in cis and does not function in
trans. My results suggest that T cell signals that modulate the surface phenotype of DC

vary from those necessary for DC functions controlling T helper cell polarisation.
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P2 microglobulin (MHC class I light chain)

APC (1)

antigen-presenting cell

APC (2)

allophycocyanin

APL

altered peptide ligands

CD

cluster of differentiation

COR

complementarity-determinmg region

CIIV

class 11 vesicles

CTL

cytotoxic T lymphocyte, CD8^ effector T cell

CV

coefficient variation = (SD/Mean) x 100

DC

dendritic cell

DNA

deoxyribonucleic acid

dsRNS

double-stranded RNA

ELISA

enzyme-linked immunosorbent assay

ER

endoplasmatic reticulum

FACS

fluorescence-activated cell sorting

PCS

fetal calf serum

FITC

fluorescein isothiocyanate

IFN

interferon

IL

interleukin

ITAM

immunoreceptor tyrosine-based activation motif

mAb

monoclonal antibody

MACS

magnetic cell sorting

MFI

median fluorescence intensity

MHC

major histocompatibility complex

MIIC

MHC class 11 compartment

MMR

macrophage mannose receptor

mRNA

messenger RNA

NK

natural killer

PAMP

pathogen-associated molecular pattern

PBS

phosphate-buffered saline

PCR

polymerase chain reaction

pCTL

CTL precursor

PE

phycoerythrin

pOVA

peptide derived from ovalbumin, amino acids 257-264 (SIINFEKL)

PRR

pattern recognition receptor

pVSV

peptide derived from vesicular stomatitis virus nucleoprotein,
amino acids 52-59 (RGYVYQGL)

RAG

recombination-activating gene

RANK

receptor activator of NF-kB

RNA

ribonucleic acid

SD

standard deviation

SEB

Staphylococcus enterotoxin B

STAg

soluble Toxoplasma gondii antigen

TAP

transporter associated with antigen processing

ICR

T-cell receptor

TLR

Toll-like receptor

IN F

tumour-necrosis factor

TRANCE

TNF-related activation-induced cytokine
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Chapter 1

Introduction

Vertebrate immune responses to pathogens result from the interplay of two
cardinal system s, w hich are functionally and phenotypically distinct. The innate
im m une system is com posed firstly of cells w ith various antimicrobial functions,

including epithelial cells, neutrophils, natural killer (NK) and NKT cells, macrophages
and dendritic cells (DCs), and secondly of proteins such as antibacterial defens ins and
lysosym e in many bodily secretions and the complement system in the circulation.
These defence mechanisms are effective immediately after pathogen invasion of the
host. This is possible because many of the effector m olecules are produced
constitutively. Moreover, the receptors of the innate immune system are germlineencoded. Thus, large numbers of cells can respond w ithout time delay to fight
pathogens, circum venting the need for proliferation. For exam ple, virtually all
nucleated cells can produce interferon-(lFN )-a/p to suppress viral replication.
H ow ever, the non-clonality of cells of the innate im m une system brings som e
disadvantages. The mechanisms are not antigen’-specific and hence also interfere with
host cells and commensal organisms. Moreover, the innate imm une response to
reinfection w ith the same pathogen has the same m agnitude and kinetics as the
original infection. In contrast, the adaptive im m une system is characterised by its
antigen-specificity and memory, i.e. the capacity to mount an intensified and more
rapid response upon subsequent encounter with the same antigen. At the centre of the
mechanisms of acquired immune responses stand T cells, in particular CD4^ "helper" T
cells. They enable B cells to become fully activated antibody-secreting cells, and CD8^
T cells to gain cytotoxic effector functions. The genes encoding the antigen receptors of
both B cells and T cells are rearranged during the development of individual cells. This
creates an enormous diversity of B and T cell clones, each w ith a different antigenspecificity. Unlike B cells, T cells do not recognise antigen in its native form. Instead,

^ Antigen: Originally derived from ''antibody generator". More generally, any substance - usually a
macromolecule - capable of eliciting a response of the adaptive immune system.
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the T cell receptor (TCR) has evolved to recognise peptide fragments in association
with highly polymorphic major histocompatibility complex (MHC) molecules on cell
surfaces. Class I MHC molecules are present on virtually all nucleated cells, and
normally associate with peptides derived from endogenous antigens, such as cytosolic
proteins or viral antigens produced in infected cells. MHC class II molecules on the
other hand are primarily involved in presenting peptides derived from exogenous
antigens from the external milieu, and are restricted to a limited number of cell types
encom passing macrophages, B cells and DCs. Two m utually exclusive accessory
molecules are expressed by distinct subsets of T cells in the periphery and determine
their MHC restriction profile. By binding to the nonpolymorphic region of MHC class
II molecules, the CD4 coreceptor restricts T cells to recognition of antigen presented on
MHC class II, whilst CD8 expression determines antigen recognition in the context of
class I MHC molecules. From an evolutionary point of view it seems reasonable that
every cell should have the ability to present antigenic peptides to CD8^ T cells, i.e.
expressing MHC class I on the surface, since any cell can potentially become infected
by a virus and need to be eliminated. In general, activated CD8^ T cells are involved in
cytotoxic responses (hence: cytotoxic T lymphocytes, CTLs) whereas CD4^ T "helper"
cells are concerned w ith activation of antigen-presenting cells (APC) and the
regulation of cytotoxic and antibody-mediated immune responses. In principle, any
cell that presents antigenic peptide on MHC m olecules is, by definition, an APC.
However, here I w ill reserve this term for the restricted group of cell types presenting
peptides on MHC class II molecules to CD4^ T cells, namely B cells, macrophages and
DCs.

Although B and T cells recognise antigens with high specificity, they do not
initiate an immune response, nor do they decide its type and magnitude. They need to
be instructed as to which structures require an immune response and which do not.
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Instruction signals come from cells of the innate immune system , namely DCs (1).
Thus, DCs are in a key position at the interface of the innate and the adaptive immune
system. They perceive "pathogenic" signals, integrate and process them, and convey
the message to T cells. How the addressees of this message, namely the T cells, reply to
DCs and, in cooperation with innate stimuli, modulate DC properties, is the subject of
chapter 4 and 5 of this present thesis. This introduction is intended to outline the DC
im m unobiology that is relevant to this work, describing how DCs provide a
quantitative and qualitative framework for antigen recognition by T cells. The
emphasis is on the importance of the transition from an immature to a mature and
fully immunocompetent state, and how T cells support DCs in this task by providing
"help". In particular, I w ill also focus on the requirements for the generation of
peptide/M H C complexes by DCs ("signal 1"), and how this processed antigenic
message is sensed by T cells through their TCR. This w ill lay the theoretical ground for
the work presented in chapter 3. Provision and functions of "signals 2 and 3", i. e.
costimulation and T helper cell differentiation signals, are only briefly discussed, since
they serve merely as readout parameters in the work presented here.

1.1

DENDRITIC CELL IM M UNOBIOLOGY
Dendritic cells are a family of sparsely distributed, migratory bone marrow-

derived leukocytes that are specialised for the uptake, transport, processing and
presentation of antigens to naïve T cells (2, 3). They reside in most peripheral tissues,
particularly at sites of interface with the environment where pathogens typically
invade the host, such as the skin and mucous surfaces, as well as secondary lymphoid
tissues and blood. At an immature, resting stage of development, DCs act as sentinels
in peripheral tissues, continuously sampling the environment (4), but present the
captured antigens inefficiently. H ow ever, upon pathogen invasion, DCs sense
conserved pathogen-associated molecular patterns (PAMPs) by means of pattern-
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recognition receptors (PRR) (5). This key event in the induction of an adaptive immune
response initiates the maturation of DCs, in particular the loss of phagocytic activity,
and their migration to the draining lymph nodes. The antigen sample taken up at the
time of the pathogen encounter is processed and displayed on the surface as peptides
on MHC molecules. Simultaneously, the DCs upregulate costimulatory and adhesion
molecules that are required for a productive interaction with naive T cells. Arrived in
the secondary lymphoid organs the DCs meet and prime antigen-specific naive T cells
(6). Then, mature DCs and new ly activated antigen-specific T cells reciprocally signal
each other to become fully activated (7).

1.1.1 Heterogeneity and Localisation of Murine Dendritic Cells
Murine DCs in v iv o are m orphologically, phenotypically and functionally
heterogeneous (8). They can arise from both m yeloid- and lym phoid committed
precursors (9, 10), and are more closely related to T cells than to NK or B cells (8). Until
recently, these two distinct pathways of DC developm ent from either m yeloid or
lym phoid precursors have been used to identify different DC subsets, but this
nomenclature is now being abandoned in favour of more specific definitions. Several
DC subsets are consistently found residing in the lymphoid tissues, with many more
less w ell characterised subsets localised in peripheral tissues. Most of them express
C D llc (integrin ccj, the marker com monly used to define DCs. For murine DCs
residing in most secondary lymphoid organs, the T-cell coreceptors CD4 and CD8a are
surprisingly expressed, and are used for phenotypical segregation of the three major
subsets: The CD4'CD8a^ (CD8a^ DC), the most abundant subset CD4^CD8a' (CD4^
DC), and the CD4 CD8a DC (DN DC); all of these subsets are C D llc^’®*^(11). So far,
there is no evidence that either CD4 or CD8 is functionally significant for murine DC^.

^ CD8 on DCs is in the form of an aa-hom odim er rather than the a^-heterodimer expressed on
many MHC class I-restricted T cells.
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A ll the splenic subsets express considerable lev els of MHC class 11 major
histocompatibility, and low but detectable basal levels of the costimulatory molecules
B7-1, B7-2 and CD40 ex vivo. In the spleen, the majority of CD8a^ DC expresses DEC205, an integral membrane protein homologous to the macrophage mannose receptor
(MMR) and related receptors which are able to bind carbohydrates and mediate
endocytosis. In contrast, CD4^ and D N DCs are DEC-205" (12). Under the influence of
stimulation with microbial products these DC subsets can be induced to migrate to the
periarteriolar lymphatic sheaths (13, 14). Furthermore, som e less w ell defined
CDllc^™CD4'CD8aLy6C^ B220^ "plasmacytoid" DC (15, 16) can be isolated from
spleen or bone marrow, named in reference to their plasma cell-like morphology. They
may correspond to the previously described "natural interferon producing cells", due
to their ability to produce high levels of IF N a/P (17, 18). Another distinctive DC
subtype, found exclusively in skin and skin-draining lym ph nodes, expresses high
levels of langerin, a characteristic marker of epidermal Langerhans cells. Many further
DC subsets are found in other secondary lymphoid tissues (19) and blood, as w ell as in
almost all peripheral tissues. In the murine system , DCs are often raised in large
quantities for experimental reasons from bone marrow cultures supplem ented with
granulocyte/macrophage colony-stimulating factor (9). It is unclear, however, if these
"bone marrow DCs" or similarly, immortalised DC lines (20), represent a normal DC
subset found in vivo. More detailed descriptions of the fast-growing family of human
and murine DC subsets are available in recent reviews (8,21).

1.1.2 Antigen Uptake by Dendritic Cells
Early in vitro studies described DCs as non-phagocytic and poorly endocytic cells
(22). This is obviously at odds with the observation that DCs have the unique ability to
present antigen to and prime naïve CD4^ T cells. Later it was demonstrated that
freshly isolated splenic DCs pulsed w ith antigen during, but not after, overnight
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culture could prime T cells (23). This is in agreement w ith in vitro results on DC
maturation in culture^ (25) and suggests that acquisition of antigens is a unique feature
of the immature DC phenotype. The past few years have seen a reappraisal of the
endocytic capacity of DCs (26-30). In fact, the efficiency of antigen capture is a major
determinant of the level of expression of antigenic peptides on MHC class 11 molecules
(31). Immature DCs em ploy several non-specific and sem ispecific m echanisms to
sample the environment, including phagocytosis, receptor-mediated endocytosis, and
constitutive macropinocytosis (27).

1.1.2.1 Receptor-Mediated Endocytosis
Receptor-mediated endocytosis allows the uptake of macromolecules through
specialised regions of the plasma membrane, termed clathrin-coated pits, which
invaginate and eventually pinch off to become endosomes. The invagination of the
coated pits is initiated by a signal in the cytoplasmic tail of the receptors such as FcyR,
complement receptors, and C-type lectins (MMR, DEC-205, DC-SIGN, langerin, DCIR,
dec tin-1) (26, 28, 32-38). A large number of these endocytic receptors are selectively
expressed by subpopulations of immature DCs. Many receptors that m ediate
endocytosis are also involved in phagocytosis, for exam ple Fc receptors and
complement receptors during the uptake of large opsonised particles.

1.1.2.2 Phagocytosis and Macropinocytosis
While most cells are capable of endocytosing soluble antigens, the uptake of
large volum es or particles by macropinocytosis and phagocytosis is restricted to

This phenom enon termed "spontaneous maturation" also encom passes upregulation of
costim ulatory m olecules and surface MHC class 11, and constitutes a major problem when
performing experiments with DCs purified ex vivo. This spontaneous maturation of DCs could at
least in part be due to LPS, a common contaminant of m any com mercially available m odel
antigens and reagents traditionally used for DC isolation (24). However, cells derived from LPShyporesponsive C 3H /H eN mice also undergo partial spontaneous maturation.
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macrophages and immature DCs. Macropinocytosis is constitutive in immature DCs
(28, 30), and represents a critical actin-dependent antigen uptake pathway allowing
DCs to rapidly and nonspecifically sample large amounts of surrounding fluid.
Macropinosomes concentrate macromolecules by shrinking (39, 40), and in DCs target
their content to the MHC class 11-positive compartments (28). Phagocytosis, in contrast,
is initiated by the engagement of specific receptors, triggering a cascade of signal
transduction, which is required for actin polymerisation and effective engulfment. It
involves the projection of pseudopods that gradually grasp the target particle and fuse
to become a phagosome. After the phagosome has formed it eventually fuses with pre
existing lysosom es to become a phagolysosome. From an evolutionary perspective,
phagocytic uptake of bacteria is probably the most physiologically relevant form of
antigen uptake by DCs. In fact, derivation of antigenic peptides from phagocytosed
antigens is particularly efficient (41).

1.1.3 Antigen Processing and Presentation
CD8^ and CD4^ T cells express clonally distributed TCRs that recognise
fragments of antigens in the form of peptides associated w ith MHC class 1 and 11
m olecules, respectively. Antigen degradation and peptide loading onto MHC
m olecules in APCs occur intracellularly. A strict com partm entalisation of
peptide/M H C class 1 or 11 complex biogenesis results in the loading of exogenous and
endogenous antigens on MHC class 11 molecules in the endocytic pathway, and the
selective loading of endogenous, but not exogenous, antigens on MHC class 1
m olecules in the endoplasmic reticulum (ER). This m odel accounts, at the effector
level, for the selective killing by MHC class 1-restricted CD8^ effector T cells (CTLs) of
virus-infected cells expressing endogenous viral antigens, but not of bystander cells
that have internalised inactive virus or apoptotic infected cells. This model, however,
is in conflict with experiments from Bevan, which demonstrated that priming of CTL
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responses can occur after presentation of exogenous antigens by MHC class I
molecules, a phenomenon referred to as cross-priming (42). Recent studies in DCs
reconcile these findings by showing that, in addition to MHC class 11, internalised
antigens m ay also be presented by MHC class 1 m olecules (cross-presentation).
Whether these processes are relevant for priming im m une responses to natural
infections in vivo or in the induction of tolerance remains to be established (43, 44).
Thus, and because it is not relevant for the work presented here, these processes are
not further discussed.

1.1.3.1 MHC Class I-Restricted Antigen Presentation by Dendritic Cells
Assem bly and Loading of M H C Class I Molecules

The MHC class 1 m olecule is a heterodimers of the tw o im m unoglobulin
superfamily members Pz-i^icroglobulin of 12 kD (|32m, light chain) and an a-chain of
45 kD (heavy chain) that are assembled by calnexin in the ER (45). Before binding
peptides, the new ly formed class 1 m olecules are retained in the ER, through
sequential interactions with several chaperones including calnexin, ER-60, and finally
calreticulin (46-49). Another associated protein, tapasin, mediates the association of the
chaperoned class 1 complex to the transporter associated w ith antigen processing
(TAP) (49-51). The MHC class 1 heavy chain forms a peptide-binding groove with the
and

« 2

dom ains (52), that can accommodate oligopeptides of 8-10 residues,

depending on the MHC haplotype. These peptides are bound primarily through their
N- and C-terminal amino acids and a few of the side chains of central residues.
Although these peptides are rather uniform in length, they can vary greatly in their
sequence, especially in those residues not involved in binding to the class 1 molecule
(52). A limited number of different MHC molecules thus present a large number of
peptides. In the absence of appropriate peptides, class 1 heterodimers are intrinsically
unstable and readily dissociate at physiological temperature. The binding of peptide
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provided by TAP stabilises the interaction between the class 1 heavy and light chains
and allows the heterodimer to be transported through the default "exocytic" pathway
to the plasma membrane (45).

Agents that block proteolysis in endocytic compartments, such as weak bases
(which prevent the acidification of endosom es and lysosom es) or inhibitors of
lysosomal proteases, do not interfere with class 1 presentation (53). Thus, in contrast to
class 11-presented peptides, which are derived primarily from endocytosed proteins
(54), most class 1-presented peptides must be generated outside of endosom es or
lysosom es. The first definitive evidence that the cytoplasm is the major site of
generation of class 1-presented peptides came from the analysis of the mutant cell line
RMA-S that lacks the TAP (55). This integral ER protein is a member of the ABC family
of ATP-dependent transporter proteins and functions to transfer oligopeptides from
the cytoplasm to the ER (56). In TAP-deficient cells, which lack this continual supply of
peptides form the cytoplasm, most class 1 molecules cannot bind peptides and are
retained in the ER (57, 58). The few "empty" MHC class 1 molecules^ that escape
retention and degradation in the ER and are exported to the plasma membrane are
unstable at 37°C (55)®. Increased class 1 surface expression can be achieved by
incubating the RMA-S cells at 26°C or by feeding exogenous peptides (61). This
facilitates the loading of virtually all surface MHC class 1 molecules with one specific
peptide species, a feature exploited in the experiments outlined in chapter 3.

^ It has recently been suggested that the peptide binding groove of the few surface MHC class I
m olecules found on TAP-deficient cells is occupied by low affinity peptides rather than being
empty (59).
® Similarly, P^m is an obligate subunit of class 1 molecules. Its absence leads to misfolding of the
heavy chain and thereby lack of MHC class 1 molecules on the surface (60).
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Protein Degradation and Antigen Processing

Most presented peptides are generated endogenou sly by the same ATPdependent proteolytic pathway that is responsible for the continuous turnover of
nuclear and cytosolic proteins - the ubiquitin-proteasome pathway (62). However, the
majority of peptides that is translocated by TAP from the cytosol to the ER is derived
from newly synthesised proteins (63-65). The proteins to be degraded in the cytoplasm
are first covalently m odified by linkage to the polypeptide cofactor ubiquitin (66).
Then, ubiquinated proteins are rapidly degraded by the 26S proteasome complex, a
very large cylindrical structure found in the cytoplasm of all eukaryotic cells (67). Most
of the oligopeptides generated by the proteasome are further degraded by distinct
endopeptidases and aminopeptidases into amino acids, and subsequently used for
new protein synthesis or energy production. H owever, a fraction of these peptides
escape complete destruction, and are bound and transported by TAP into the ER.
Class 1 molecules interact directly with TAP and, in fact, compete for access to the
peptides being translocated (68-70). Peptide translocation by TAP eventually results in
the formation of peptide/M H C class 1-complexes. The fully assembled and loaded
MHC class 1 complexes dissociate from tapasin and are transported from the ER
through the Golgi apparatus, where their oligosaccharide moieties are processed (71),
and then progress to the plasma membrane. The rate lim iting component in MHC
class 1 assembly process seems to be the peptide (72). It may be important, should a
cell become infected by a virus or other intracellular pathogens, to have excess class 1
molecules that can deal with new peptides from the pathogen proteins that enter the
cytoplasmic pool. Noteworthy, most of the genes encoding for proteins involved in
MHC class 1 assembly are closely linked and their expression is accordingly regulated.

Like other cells, DCs present self- or virus-derived endogenous antigens. Only
few studies have analysed MHC class 1 biogenesis and endogenous peptide loading in
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DCs. It was shown, however, that MHC class I synthesis and half-life are increased
upon induction of DC maturation (73), although less strongly than those of MHC class
II (74). It is interesting that, in contrast to MHC class II, MHC class I molecules are still
efficiently synthesised and transported to the cell surface in mature DCs (73, 75),
em phasising the functional differences in the regulation of antigen presentation to
CD4^ and CD8^ T cells. In addition, DCs constitutively express low levels of the
immunoproteasome, which becomes the main type of proteasome in mature DCs by
induction of LMP2, LMP7 and PA28 (76-79). This change in proteasome composition
may upregulate the efficiency of presentation of som e epitopes w hile decreasing
presentation of others and could account for differential presentation of peptides of
the same protein processed by different APCs. As described above, targeting of
proteins for proteasomal degradation requires their ubiquitination. Interestingly, DCs
express a particular di-ubiquitin gene which may participate in antigen ubiquitination
(80).

1.1.3.2 MHC Class II-Restricted Antigen Presentation by Dendritic Cells
Assem bly and Loading of M H C Class II Molecules

Peptide loading on MHC class II molecules occurs through a different pathway.
Soon after synthesis in the ER, the 33-35 kD a-chain and the 25-29 kD (3-chain of MHC
class II molecules assemble with a type 11 membrane glycoprotein, the invariant chain
(li) (81), to form a (a (^li)^ complex (82, 83). These nonamers exit the ER and pass
through the Golgi apparatus before being transported to the endocytic pathway, under
the influence of transport signals present in the cytoplasmic region of the li chain (8486). This intersection with the endocytic pathway delays expression of mature MHC
class 11 on the cell surface and enables mixing with endocytosed antigen. The class 11
m olecules cannot yet interact w ith peptide ligands, because the peptide binding
groove is occupied by the CLIP region of intact li (87). Once in endosom es and
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lysosom es, the nonameric complexes meet an acidic, protease-rich environment,
where the li chain is degraded by several proteolytic enzymes of the cathepsin family
(88). Then, MHC class 11 dimers become competent to bind antigenic peptides under
the control of two nonpolymorphic MHC molecules, H2-M and H 2 -0 (89, 90). Once
loaded with peptides, li chain-free MHC class 11/peptide complexes reach the plasma
membrane.

Antigen Processing (Degradation)

Antigen degradation in lysosom es and endosom e, and the generation of
antigenic peptides require several proteases, including cathepsins and asparaginyl
endopeptidases (91). Antigen breakdown is likely to be guided not only by protease
specificity but also by protease accessibility. Effective presentation requires a balance
betw een liberation and destruction of T cell determinants (92). Distinct proteolytic
environments in endosom es and lysosom es can lead to differential expression of
epitopes derived from the same antigen by different AFC types. Thus, MHC class 11
molecules bind mainly to peptides derived from antigens present in the endocytic
pathway (internalised or membrane proteins).

M H C Class II Peptide-Loading Compartments

There is still much controversy as to where along the endocytic pathway newly
synthesised MHC class 11 m olecules associate w ith peptides (93). Proteolytic
degradation and membrane recycling are usually associated w ith distinct endosome
populations. Thus, assem bly and surface expression of peptide/M H C class 11
complexes demand a degree of integration of these two processes and therefore some
specialisation of endosomes in AFC. Two compartments found exclusively in AFCs
could meet this condition. First, large multilamellar lysosom e-like structures termed
MHC class 11 compartments (MllCs) w hich are located close to the trans-Golgi
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network and contain glycoproteins and acid hydrolases normally associated with
lysosom es but lack other lysosom al characteristics (94), and second, another
population of vesicles named class 11 vesicles (CllV), through which new ly synthesised
MHC class 11 molecules pass en route to the cell surface (95-97). MHC class 11 molecules
can recycle through peripheral acidic endosom es (98). H owever, recycling does not
necessarily imply reloading. Most internalised MHC class 11 molecules return to the
cell surface with the same peptide bound. Interestingly, Viner et al. have generated T
cell hybridomas follow ing peptide im m unisation that could not be stimulated
follow ing processing of native protein, even though the peptides used for
im m unisation corresponded precisely to the naturally processed sequence (99).
Exogenously added peptides bind preferentially to recycling MHC class 11 molecules,
whereas native antigen is loaded onto newly synthesised MHC class 11 molecules, so it
is possible that loading onto recycling versus n ew ly synthesised MHC class 11
molecules produces conformationally distinct complexes distinguishable by TCRs.

Cell Surface Expression of Assembled Peptide/M H C Class II Complexes

Three possibilities to how assembled peptide/M H C class 11 complexes reach the
cell surface can be envisaged: retrograde via early/recycling endosom es, retrograde
transport via the G olgi/secretory pathway, or direct transport from the loading
compartment to the cell surface. Evidence suggests that w hile conventional
endosomes are needed for delivery of antigen and probably empty MHC class 11 to
peptide-loading compartments, they may not be required for transport of assembled
complexes to the cell surface. A mechanism other than direct fusion musts presumably
exist to permit mature MHC class 11 molecules to exit phagolysosomes.
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1.1.3.3 Developmental Regulation of Antigen Processing and Presentation by
Dendritic Cells
A specific feature of DCs constitutes the tight developmental regulation of the
cell surface display of peptide/M H C class 11 complexes. The maturation process
initiating these developmental modulations is detailed below (see Induction of Dendritic
Cell Maturation). Immature DCs expose few peptide/M H C class 11 complexes at their

surface. Several intracellular mechanisms cooperate to achieve this phenotype. First,
antigen degradation is inefficient in immature DCs, and internalised antigens can
remain intact in lysosom al compartments for several days (100). The availability of
antigenic peptides to load on MHC class 11 molecules is therefore limited. Poor antigen
degradation in immature DCs is due to a low efficiency of several proteases, including
cathepsin B, one of the major proteases involved in antigen degradation in DCs (101).
A splice variant of li, lip41, known to inhibit certain cysteine proteases (102) and
detected in immature DC lysosomes, could contribute to the poor protease activity of
immature DCs. Second, even if a few antigenic peptides are formed in endosomes and
lysosom es, very few MHC class 11 molecules are available to bind them in immature
DCs. In murine bone marrow-derived DCs, MHC class 11 haplotypes with a strong
affinity for li remain associated in lysosom es with a partially degraded form of li,
termed lip 10, that blocks access to the peptide binding groove (103,104). A role for the
cathepsin S inhibitor cystatin C in the low protease activity of cathepsin S, the main
protease for liplO degradation in DCs (105, 106), has been proposed (104).
Alternatively, lip 10 is degraded in lysosomes, and MHC class 11 dimers then reach the
cell surface in association with either antigenic peptides, or the CLIP peptide derived
from li (74, 105, 107), or without any peptide (108). Once at the cell surface, MHC class
11 molecules are rapidly internalised and can associate with new peptides in recycling
endosomes before going back to the cell surface (108,109).
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Maturation signals induce a coordinate m odification of all these aspects of
peptide/M H C complex formation and transport. MHC class 11 synthesis is transiently
upregulated (73, 74), and protease activity of the cathepsins involved in antigen and in
li degradation quickly increases (110), maybe due to their relocalisation to more acidic
compartments (101). As a result, the number of available peptides and of MHC class 11
dimers free to form complexes increases concomitantly. Peptide/M H C complexes are
then rapidly formed (100) and transported to endosom al vesicles (103), where they
colocalise with costimulatory molecules before being delivered to the cell surface as
clusters of molecules involved in T cell stimulation (111). In a recent study, Chow et al.
demonstrated that upon stimulation of DCs with LPS, M llC-derived vesicles deliver
class 11 m olecules via tubules directly to the plasm a membrane (112). During
maturation, the endocytic activity also decreases, and transport of internalised MHC
class 11 m olecules to lysosom es for degradation is greatly reduced, resulting in
stabilisation of peptide/M HC class 11 complexes at the cell surface (74, 107, 113). Later
on, MHC class 11 synthesis is downregulated, and association of peptides with newly
synthesised MHC molecules becomes very inefficient, focusing the range of peptides
displayed at the surface of mature DCs to those arising from antigens acquired during
pathogen encounter (100, 114). Most interestingly, an elegant study provided evidence
that transport of MHC class 11 to the surface can be influenced by antigen-specific T
cells recognising peptide/M HC complexes on the cell surface (115). Within minutes of
coming into contact with T cells that recognise an antigen being presented, class 11
m olecules are directed from MllC by extraordinarily long tubules directly to the
plasma membrane. The finding that only T cells that recognise their cognate antigen
induce tubule polarisation raises a question. If there are already enough
peptide/M H C complexes on the DC surface to allow recognition by the T cell, why
transport more to the DC-T cell interface? Perhaps the original signal is weak and
needs to be bolstered by the delivery of more complexes.
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1.1.4 Induction of Dendritic Cell Maturation
Several types of receptors were reported to induce DC maturation. Most
importantly, immature DCs become activated by sensing pathogens directly by
recognising PAMPS via the PRR expressed mainly on the cell surface (116). Other
receptors for DC maturation include cytokine receptors, FcR and other receptors
involved in endocytosis and phagocytosis, and possibly sensors for cell death. This
enables the DCs to present peptide/M HC complexes in a costimulatory context to the
T cells. However, to become fully immunogenic DCs which deliver robust levels of
signals 1 to 3 to T cells, DC require further cognate stimulation signals from newly
activated T cells (7). The phenotypic and functional consequences on DCs of these T
cell-derived signals are the objective of chapter 4 and 5 of this thesis.

1.1.4.1 Pattern Recognition Receptors
Proposed 1989 by Janeway, the PRRs are now w idely accepted as key receptors
for self/non-self discrimination by the immune system (5). The innate immune system
em ploys a variety of PRRs that can be expressed on the cell surface, in intracellular
compartments, or secreted into the bloodstream and tissue fluids. The principal
functions of pattern recognition receptors include phagocytosis and endocytosis, and
most importantly, activation of proinflammatory pathways. They can also act via
opsonisation and activation of complement and coagulation cascades (117). Thus,
PRRs do not have to be expressed by the target cell. By mediating the opsonisation of
pathogens, soluble PRRs confer the ability to sense infections upon many cells bearing
the appropriate receptors for the recognition of opsonised particles. DCs express a
w ide range of PRRs and accessory molecules. As discussed above, some of them are
receptors for phagocytosis and endocytosis that recognise structures present on
pathogens. However, it remains to be formally demonstrated if they act as bona fide
PRRs or serve primarily as semispecific receptor for antigen uptake. In contrast, it is
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very well established that DCs mature in response to various pathogenic compounds,
including several bacterial w all com pounds such as lipopolysaccharide (LPS),
unmethylated CpG motifs, and peptidoglycan. Most of these molecules are recognised
by a large family of receptors called Toll-like receptors (TLR) (118, 119). The first
member of the Toll family. D rosophila Toll, was originally discovered as a gene
involved in dorso-ventral axis formation in fly embryos (120). Later the realisation
came that Drosophila strains with non-functional Toll are highly susceptible to fungal
infections (121). However, in contrast to mammalian TLRs, Drosophila Toll is not a PRR
per se. The pattern recognition event occurs upstream of Toll, much as complement can

be activated by lectins in mammals (122). Ten TLRs have been described to date in
humans and mice. They differ from each other in ligand specificities, expression
patterns, and the target genes they can induce. Different PAMPs are specifically
recognised by one or by a combination of TLRs. The first TLR show n to function as a
PRR was TLR4 (123). It determines responses to Gram' bacteria through binding to
LPS. TLR2 recognises the largest number of ligands and is involved in responses to
different Gram^ cell wall compounds including bacterial peptidoglycans, bacterial
lipoproteins, and Klebsiella pneumoniae OmpA protein (124). TLR5 is unique in that it is
the only TLR that recognises a protein ligand, i.e. flagellin from both Gram and Gram^
bacteria (125). A recent study suggests that TLR3 functions as a cell-surface receptor
for double-stranded DNA (dsRNA) (126), a PAMP possibly produced by most viruses
at some point during replication. This w ould obviously significantly broaden the
range of pathogens that can be detected by TLRs. However, a receptor localised on the
cell surface for a ligand accessible only w hen the virus particle disassem bles
intracellularly, seem s inappropriate. Moreover, contribution of TLR3 to antiviral
immune responses remains to be shown. TLR9 binds to unmethylated CpG motifs
(henceforth CpG) abundant on bacterial DNA (127). Short oligonucleotides containing
these motifs can be easily synthesised very much in the w ay primers for PCR are
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generated. This provides a convenient source for extremely w ell defined ligands for
TLR9 of low molecular weight. Moreover, synthetic CpG preparations have the
advantage over bacterial D NA that they are virtually free of other microbial
compounds. Therefore, and because the PRR this PAMP is w ell characterised, 1 used
CpG as a m odel PAMP whenever possible for this thesis. Albeit at very low copy
numbers when compared to bacterial DNA, unmethylated CpG motifs are also found
on some mammalian promoter elements. A recent study suggests a role for TLR9 in
the recognition of these ligands and the subsequent induction of rheumatoid
autoimmune disease (128). It is worth noting that although most TLRs are supposedly
expressed on the cell surface, som e of the TLRs including TLR9 may localise
intracellularly (129). Furthermore, in some cases, ligand binding to TLR on the surface
may be coupled to uptake, such that the TLR undergoes engagem ent-driven
internalisation, in the process delivering its cargo to an intracellular compartment. For
example, TLR2 is recruited to yeast and Gram^ bacteria containing phagosomes (130).

Viruses and som e bacterial pathogens can gain access to the intracellular
compartments. Several PRRs are expressed in the cytosol where they detect these
intracellular pathogens and induce responses that block their replication. For example,
the protein kinase PKR is activated by dsRNA w hich is produced during viral
replication. This recognition event may induces genes coding for lF N a/|3 on the one
hand, and shutdown of viral and cellular protein synthesis on the other hand (131).
Another antiviral pathway results in apoptosis of the infected cell upon activation of
2'-5'-oligoadenylate synthase by dsRNA. NOD family proteins have been reported to
activate NF-kB in response to LPS (132). Finally, engagement of most FcRs, by immune
complexes or specific antibodies, induces dendritic cell maturation (133).
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Cell death has been proposed to act as a "danger" signal by DCs (134), although
there is much controversy about this model. Cell injury releases adjuvant compounds
that may enhance T cell responses (135). Two studies suggest that necrotic, but not
apoptotic, cell death induces mouse and human dendritic cell maturation in vitro (136,
137). One should be careful in interpreting these results, how ever, because LPS or
mycoplasma contamination could be responsible for DC maturation (138). The nature
of these potential endogenous DC activating compounds is still unclear. Nucleotides,
such as ATP and UTP, may activate DCs through purinergic receptors. Alternatively,
heat shock proteins including gp96, hsp90, and hsc70 are released by necrotic cells and
may induce DC maturation (139,140).

Most of the receptors triggering DCs maturation are also expressed in other cell
types, where the signal transduction cascades have been analysed in detail. Few
studies, however, have specifically analysed signal transduction in DCs, because it is
technically dem anding to purify enough DCs for biochem ical studies. Upon
recognition of their cognate ligands, TLRs on DCs induce the expression of a variety of
host defence genes. These include inflam m atory cytokines and chem okines,
antimicrobial peptides, costimulatory molecules, and the translocation of MHC class II
complexes loaded with pathogen-derived peptides to the surface of the DCs to render
them immunogenic. Upon ligation of TLRs (and IL-IR), the adaptor protein MyDSS
binds to the receptor complex via its C-terminal TIR domain (141-143). The N-terminal
domain of MyDSS binds to its target IRAK, which is possibly recruited via Tollip (144).
This leads to the degradation of the NF- kB inhibitor IkB, through an as yet not fully
resolved cascade, thereby freeing NF-kB to translocate into the nucleus and turn on the
transcription of target genes. Although TLRs and IL-IR share in common many of the
same signalling components, they can induce distinct targets. Even different TLR
members activate distinct albeit overlapping sets of target genes. Undoubtedly, there
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m ust be mechanisms that enable TLRs to achieve specificity in the activation of
cellular responses. Although MyD88 is required for all signalling events of some TLRs,
such as TLR2 and TLR9, MyD88 is clearly dispensable for some (e.g. costimulatory
molecules), but not all (e.g. lL-12), TLR4-induced signals (145, 146). TLR4 can activate
two pathways, a MyD88-dependent pathway similar to that activated by other TLRs,
and a MyD88-independent pathway, where the novel TlR-domain containing adaptor
protein TIRAP is involved (147). Interestingly, one of the few identified components
and this TlRAP-regulated pathway is PKR, w hich is itself a PRR for dsRNA (147).
A nalysis of M yD88-deficient mice dem onstrated a critical role of TLRs in DC
maturation and induction of adaptive immune responses. These mice appear to have a
selective defect in mounting Thl but not Th2 responses (145, 148). This is at least
partially due to the inability of DCs from MyD88'^‘ mice to produce bioactive lL-12
upon stimulation with TLR ligands.

1.1.4.2 T Cell-Derived Signals
Upon antigen-dependent interaction w ith T cells in the secondary lymphoid
organs, DCs receive additional "help" signals for full and terminal maturation (7). One
DC activator stands out as apparently unrelated to infection (4): CD40 ligation is a
potent means to activate DCs, yet CD40L is expressed by many cells, including
platelets, mast cells, basophils, and activated T cells. This ubiquitous expression
pattern fails to reveal an obvious link to infection. However, CD40 signalling in DCs
may be under the control of innate signals. In vivo studies show that DCs cannot be
activated through CD40 to make lL-12 or strongly upregulate CD40 and CD86 until
exposed to PAMPs (149, 150). This suggests that CD40L, and probably other T-cell
feedback signals, merely amplify the activation of DCs previously conditioned by
stim uli related to infection, rather than initiating de novo activation. Here, 1 w ill
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elaborate on the role of T cell-derived signals such as CD40L for DCs function, as well
as other forms of T cell-dependent augmentation of T-cell priming.

Traditionally, T cell signals to DCs were discussed in the context of "help".
Induction of CTL responses against minor histocompatibilty antigens, such as the HY
antigen, and certain viral infections requires assistance from CD4^ T helper cells (151153). However, for a long time it was unclear by what means this help is provided.
Because CTLs do not express MHC class 11, they cannot be seen directly by CD4^
helper T cells as target cells. Keene & Forman (154) suggested that help was delivered
via secreted lL-2 to facilitate activation, clonal expansion and survival of CD8^ T cells,
and that efficient delivery occurred only if the CTL precursor and the T helper cell
were attached to the same AFC, thereby being in close proximity to each other. This
mode of help delivery would obviously only work if the T helper cell and the CTL
precursor w ould interact with the AFC simultaneously (155). However, such a three
cell interaction seem s unlikely, since all three cells (antigen-specific CD4^ T cell;
antigen-specific CD8^ T cell; and a DC presenting both relevant epitopes) are rare. By
using time as a fourth dim ension, the immune system avoids this unfavourable
situation by splitting the process into two manageable, sequential two-cell encounters.
Guerder & Matztnger proposed that CD4^ T cells provide help for the activation of
CTL precursors through the activation of the AFC by an unknown mechanism (156).
They based their view on Lafferty and Cunningham's (157) proposal that T cells need
costim ulatory signals from AFCs. More importantly, there w as early evidence
available that T helper cells can activate AFC to deliver such signals (158, 159). The
hypothesis was that a T helper cell binds to an AFC and, rather than simply secreting
lL-2 into the surrounding m edium , it induces the AFC to produce costimulatory
signals for naïve CD8^ T cells. By delegating the help function to activated AFCs, a
single helper T cell w ould be able to assist many CTL precursors w ithout a
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requirement to see the antigen at precisely the same time. Thus, the activity of a small
number of antigen-specific CD4^ effector T cells could be effectively amplified.
Evidence in support of such a model came from two studies showing that for effective
CTL priming, the T cell help must be provided in a cognate manner, such that both the
CD4^ and the CD8^ T cell recognise their antigen on the same APC (160, 161). The
possible existence of such cognate CD4^ T cell-dependent CTL induction has been
raised before (154, 155, 162, 163). However, the data from these studies was also
consistent with a model where the role of the APC in the provision of help is merely to
bring the donor and recipient of help in close proximity. This turned out not to be the
case. Three independent studies demonstrated that antibody-induced signalling
through CD40 on DCs can replace the requirement for T helper cells in the priming of
CTL responses (164-166). These data support the sequential m odel from Guerder &
Matzinger (156), where the CD4^ T helper cell conditions the APC to subsequently
become competent to prime CTL precursors, and identify CD40 ligation as a signal
sufficient for the activation of DCs. Such a m odel where the activation of the APC,
rather than the presence of a T helper cell, is the crucial event for the priming of CTL
responses is compatible with reports showing the induction of potent CTL responses
in the absence of CD4^ T cells in certain viral infections (167-169). In these cases, the
APCs themselves are probably virally infected or detect hallmarks of viral infections,
and thus upregulate costimulatory molecules. Thus, the need for help is conditional
rather than absolute^ What is crucial, however, is the functional maturation of the
APC.
A role for lym phokines such as IL-2 as a mediator of non-cognate (170) or
cognate (171) help for the induction of potent CTL responses cannot be excluded. In
fact, one report even suggests a role for DC-derived IL-2 for T cell priming (172). Lu et
^ Indeed, it appears that help for CD8^ T-cell priming is not an all-or-none phenomenon but rather
shifts the antigen-dose response curve and may provides signals for the generation of memory T
cells.
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al. (171) propose a multistep m odel of CD4^ T cell help for the induction of CTL

activity. First, new ly activated CD4^ T cells stimulate DCs via CD40 engagement,
thereby inducing activation of DCs to a state of enhanced ability to present to CTL
precursors. Then, DCs can be further acted upon by CD4^ T cells through a CD40independent pathway to boost their ability to activate CD8^ T cells. At this stage,
direct help from CD4^ T cells to CD8^ T cells by lymphokines further enhances the
activation of the CTL precursors. This model includes an unfavourable stage where
both the CD4^ and the CD8^ T cell interact sim ultaneously w ith the DC which is
obviously a stringent requirement. H owever, Lu et al. argue that this is in fact
plausible, because "DC-T cell interactions can be extremely longlasting".

As discussed above, many viral infections bypass the requirement for CD4^ T cell
help for anti-viral CTL responses, by inducing costimulatory activity on the DCs.
H owever, there could be another reason for these findings. In contrast to minor
histocompatibility and model antigens such as HY or ovalbumin, respectively, viruses
are complex immunogens containing many CTL epitopes. Thus, the total anti-viral
CTL precursor frequency is high, whereas naive CD8^ T cells specific for a single
antigen are rare. Indeed, by increasing the CTL precursor frequency by adoptively
transferring naive, antigen-specific CD8^ cells, CTL responses against peptide antigens
can be rendered CD4^ T cell-independent (170, 173). Importantly, the TCR transgenic
CD8^ T cells do not constitute the w hole responding population, but rather
"germinate" a response consisting of adoptively transferred as w ell as endogenous
antigen-specific T cells (170). Thus, perhaps the sim plest explanation is that while
single CD8^ T cells are unable to make sufficient cytokines to facilitate their own
expansion, multiple clones together might locally achieve the required threshold
concentrations. H ow ever, there is another, probably more im portant factor
contributing to the direct priming of CD8^ T cells by DCs. Similar to new ly activated
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CD4^ T cell, triggered CD8^ T cells themselves feed back to DCs both in vitro and in
vivo (174). Interestingly, the phenotypic and stimulatory DC maturation induced by

activated CD8^ T cells can work at least in part independent of CD40. It has become
increasingly clear now that T cell can modulate DCs in a CD40-independent manner.
Besides CD8^ T cells, CD4^ T cells have been dem onstrated to activate DC for
increased stimulatory capacity independent of CD40 (171, 173, 174). Thus, it is likely
that CD4^ T cell help comprises at least three components: CD40-dependent DC
sensitisation, CD40-independent DC sensitisation, and direct lymphokine-dependent
CD4^-CD8^ T cell communication.

Most importantly, besides licensing APCs to prime CTL precursors, probably by
upregulating costimulatory molecules on APCs, antigen-specific feedback from T cells
to APCs has other important implications. N ew ly activated T cells induce the
production of high levels of Th polarising cytokines such as 1L-I2p70 and lL-10 from
DC, partially through CD40/CD40L interactions (149, 150, 175-179). However,
triggering of the production of these cytokines by DCs requires a "priming" signal in
the form of a PAMP and the subsequent maturation of DCs (see Induction of Dendritic
Cell Maturation) (149, 150). Not only do PAMPs decide whether or not cytokines are

produced by DCs upon CD40 ligation, they also determine which cytokines w ill be
produces^. Unfortunately, many reviews and original articles on DC activation do not
distinguish between the quality of signals induced by PAMPs on the one hand and T
cell-derived stimuli such as CD40L on the other hand. H owever, it is important to
point out that T cell-derived signals are not an alternative for microbial signals
(PAMPs) for DC activation. Signals from newly activated T cells act merely to amplify
(or dampen) the DC cytokine response dictated by PAMPs and induce full, terminal
The response of DC to microbial stim ulation is plastic rather than developm entally
predetermined. For example, DCs produce either lL-12 or lL-10 in response to CpG or heatkilled yeast, respectively (150) (see Plasticity of Dendritic Cell Maturation).
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activation of DCs (149, 180,181). For example, it has been suggested that CD40/CD40L
interaction is necessary to induce final maturation of DCs after LPS stimulation (175,
178). Conversely, Geissman et al. have shown that TGPP prevents the final maturation
of Langerhans cells in response to PAMP recognition, w hile a CD40L signal could
induce their full maturation (182).

Finally, the presence of T cells could be necessary for DC survival and the
maintenance of a responsive state under steady state condition (183), however, the
stringency of these requirements is controversial (184). Beside T cells, NK and B cells
have been implicated in the control of DCs (185-188). However, this is not relevant to
the work presented here and 1 therefore omit a comprehensive description of these
interactions and refer to the listed references.

1.1.5 Dendritic Cell Migration
The PAMP-induced maturation transforms antigen-capturing immature DCs in
the periphery to fully immunocompetent APCs (mature DCs) in the draining lymph
nodes, and is completed during interaction of the DCs w ith antigen-specific T cells.
This continuous process is intimately linked with migration. Motility is an important
feature of DCs that enables them to act as sentinels in the periphery, where they
recognise and capture pathogens, and then present their processed cargo to naïve T
cells in the secondary lym phoid organs. Thereby the likelihood of an encounter
betw een a rare antigen-specific T cell and an antigen-presenting DC is markedly
increased. DCs leave the peripheral tissues through the afferent lym ph (189). The
migration to the draining lymph nodes is mediated at least in part by the coordinated
action of several chemokines. Upon ligation of the PRRs, the DCs rapidly change their
chemokine receptor expression pattern. For example, w hile immature DCs express
high levels of CCRl and CCR5, these receptors are absent on mature DCs which
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express CCR7 instead (190, 191). Consequently, maturing DCs w ill leave the site of
pathogen encounter and enter the lymph stream, potentially directed by 6Ckine, a
CCR7 ligand expressed on lymphatic vessels (192). Mature DCs entering the draining
lymph nodes w ill be driven into the paracortical area in response to the production of
6Ckine and another CCR7 ligand, MlP-3p by cells spread over the T cell area (193, 194).
Because these two chemokines can attract mature DCs and naive T cells (194), they are
likely to play a role in helping antigen-presenting DCs to encounter antigen-specific T
cells. Furthermore, mature DCs secrete chemokines w hich selectively attract naïve T
cells (195, 196). The chemokine receptor signalling in T cells results in rapid
cytoskeletal polarisation thereby accelerating the form ation of a functional
immunological synapse (197).

1.1.6 T-Cell Priming and Tolerisation
Several lines of evidence define DCs as the principal APCs for T cell priming (1).
On the one hand, DCs were directly compared to other cells in in vitro assays for the
priming of alloreactive T cells or the expansion and activation of antigen-specific naive
precursors from polyclonal T cell populations. On the other hand, in vivo, injection of
antigen-loaded DCs induces potent primary CD4^ and CD8^ T cell primary responses
(23, 198,199). The antigen-presenting capacity of DCs in situ was also assessed. Specific
peptide/M H C complexes were probed by T cells and, later on, by specific antibodies
at the surface of ex vivo purified DCs recovered from virus-infected mice (200, 201) or
imm unised w ith soluble proteins in adjuvants (24, 202-204). Direct visualisation of
interactions between DC and CD4^ T cells in the PALS by immunohistology of lymph
nodes suggests direct antigen presentation by pulsed DC (205, 206). DCs are equally
important in priming naïve CD8^ T cells. In vitro, DCs can stim ulate both the
proliferation of allogeneic CD8^ T cells directly in the absence of T cell help (198), and
antigen-specific CTLs from naive precursors (207). Strong CTL responses can be
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induced in vivo by injection of mice with allogeneic DCs (208) or protein-loaded DCs
(209).

Importantly, DCs are also involved in central (210, 211) and possibly peripheral
tolerance induction (43). The presence of DCs in the thymus medulla suggested that
they might participate in the establishment of central tolerance. Indeed, Brocker et al.
show ed that the exclusive expression of MHC class 11 in DCs was sufficient to trigger
VP-specific deletion of T cells by a retrovirally encoded superantigen (211). Using ex
vivo detection

of p ep tid e/M H C com plexes form ed in vivo, several studies

demonstrated that splenic DCs (204, 212, 213), beside B cells, are involved in high-dose
T cell tolerance after intravenous injection of tolerogenic high antigen doses in the
absence of a PAMP. Finally, antibody-mediated targeting of antigen to some surface
DC molecules induced specific T cell tolerance (214, 215). Conversely, DCs were also
show n to break neonatal T cell tolerance (216), and tolerance against antigens
expressed on peripheral tissues (217). Besides a role in T cell priming and tolerisation,
one study suggested that DCs are required for the survival of naïve CD4^ T cells (218).
H ow ever, this study fails to distinguish betw een the requirement for and the
sufficiency of DCs in CD4^ T cell maintenance, but rather demonstrates its dependency
of survival on MHC class 11.

1.1.7 Costimulatory Signals from Dendritic Cells
It remains to be determined whether the unique ability of DCs to prime T cells
results from the expression of molecules unique to DCs or from the high density of
molecules involved in DC-T cell interactions. Peptide/M HC complexes are 10- to 100fold higher on DCs than on other APCs like B cells and monocytes (219). Recognition
of peptide/M H C complexes on DCs by antigen-specific T cells constitutes ""signal 1"'
in DC-T cell interaction. This key recognition process is described in more detail later
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(see A n tigen Recognition by T Cells). DC-T cell clustering is m ediated by several
adhesion molecules, like integrins pi and p2 and members of the immunoglobulin
superfamily (CD2, CD50, CD54, and CD58) (220). As discussed above, maturation is
associated w ith a rapid relocalisation of antigen-bearing DC to the T cell zone of
secondary lymphoid organs. Maturation also enhances surface levels of costimulatory
molecules such as B7-1 and B7-2, which bind both CD28 and CTLA-4 on T cells. These
costimulatory m olecules constitute ''signal 2", w hich is crucial to sustain T cell
activation (157, 221). B7-2 on DCs is the most critical molecule for amplification of T
cell responses (222, 223). While CD28 is constitutively expressed on T cells and
facilitates the initial phases of T cell priming, CTLA-4 is inducible and is involved in
the downregulation of T cell responses. Recently, it was show n that PD-1, a potentially
inhibitory receptor expressed on T cells, binds to PD-L1/B7-H1, a member of the B7
family expressed notably on mature DCs (224). However, a new DC specific member
of the B7 family (225), B7-DC, was also found to bind PD-1 (226) and surprisingly to
efficiently costimulate T cell proliferation, as well as lL-2 and IFNy secretion. 4-lBB, an
activating T cell costimulatory molecule, is engaged by 4-1BBL at the surface of mature
DCs (227). 4-1BB/4-1BBL signalling leads to increased CD8^ T cell activation. By
contrast, 0X 40 ligation on T cells by OX40L on DCs is mainly involved in the
differentiation of CD4^ T cells (228).

1.1.8 T Helper Cell Differentiation Signals from Dendritic Cells
The encounter with a pathogen requires not only that an immune response is
initiated and functionally sustained (signal 1 and signal 2), but also that it is polarised
early on towards the appropriate class. For example "Th2" responses play a role in the
control of infections by helm inths, whereas "Thl" type responses are critical to
eliminate many intracellular pathogens like Toxoplasma, Listeria or viruses. Thus, it is
essential that the DCs both alert T cells to the presence of a pathogen and transmit
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information about the nature of that infectious organism (which is encoded by
PAMPs). Much of these instructions ("signal 3") are transmitted as cytokines like lL-4,
lL-12, lL-18 or lL-10 and other molecules that skew emerging T cell responses (229,
230). Studies in vitro have show n that naïve CD4^ T cells that are stimulated with
antigen in the presence of lL-12 differentiate into cells producing the Thl cytokine
IFNy, whereas cells that were stimulated in the presence of lL-4 become cells that
produce the Th2 cytokines lL-4, lL-5, lL-6, and lL-10 (231-233). The important role that
inflammatory cytokines like lL-12 play in T helper cell proliferation and differentiation
may explain w hy administration of antigen in the absence of inflammation induces
immune tolerance (234).

1.1.8.1 Regulation of IL-12 Production by Dendritic Cells
Among the factors that have been shown to influence the T h l/T h 2 balance, IL12, an important readout measure used in this thesis, is dominant in directing the
development of Thl cells that produce high amounts of IFNy in vitro and in vivo (232,
235-237). Injection of mice w ith a soluble extract of tachyzoites of the parasite
Toxoplasma gondii (STAg) elicits production of high levels of 1L-I2p40 by a subset of

splenic DCs, but not by macrophages (14). Notably, lL-12 production in response to
systemic administration of STAg was found to be restricted to CD8oc^ DCs. They
function simultaneously as APCs and lL-12-producing cells to induce the development
of Thl cells. CD8a^ DCs from lL-12-deficient mice do not induce Thl responses when
injected into w ild-type recipients, whereas the same subset from lL-12-sufficient
anim als induces a polarised T hl response (238). C onversely, coinjection of
recombinant lL-12 and antigen-pulsed CD8a DCs results in the developm ent of a
polarised Thl-type immune response (238). The production of the bioactive p70 form
of lL-12 by is tightly regulated and involves separate control of the p40 and p35
com ponents. Several factors are required to induce 1L-I2p70 production and
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subsequent Thl induction by DCs, including PAMPs, T cell feedback signals, probably
via C D 40/C D 40L, and the appropriate cytokine m ilieu (149, 177, 239, 240).
Unexpectedly, lL-4 has been found to be a major regulatory cytokine governing
bioactive lL-12 production by mouse and human DCs (229, 240). Moreover, lL-12
production by DCs is restricted to a narrow temporal w indow (8-16 hours) after the
induction of maturation (241). A short period of stimulation in the presence of lL-12 is
sufficient to induce Thl polarisation and IFNy production by CD4^ T cells. A recent
study suggests that P13 kinase plays an important role in dampening and terminating
lL-12 production by DCs (242). It is interesting that after systemic triggering DCs
undergo a refractory state during which they cannot produce lL-12 upon stimulation
in vivo (243). The paralysis of lL-12 synthesis may constitute a feedback mechanism

aimed at limiting the immunopathology associated with prolonged exposure of this
cytokine, together with the downregulation of lL-12 production during the late stages
of maturation (229). lL-10 is involved in a major regulatory mechanism that limits IL12 production, because lL-10-deficient mice show ed increased mortality upon STAg
injection and spontaneous onset of autoimmune disease that was associated wit
increased lL-12 production (243,244).

1.1.9 Plasticity of Dendritic Cell Maturation
The traditional view was that DC populations from different developmental
origin respond to the recognition of PAMPs in a "pre-wired" fashion (230, 238, 245). For
example, the three major DC subsets found in murine spleen were demonstrated to
differ in their capacity to produce cytokines w hen stim ulated under conditions
designed to induce maximal response (246). H ow ever, it is now clear that the
developm ental origin of DCs does not fully determine their capacity to secrete
cytokines and polarise T helper cells responses (150). Other factors condition the
outcome of T cell stimulation by DCs, chiefly the presence and nature of PAMPs.
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Human monocyte-derived DCs conditioned by either dsRNA, CpG or LPS (75, 178,
247) produce high levels of lL-12 and induce Thl cells. Nevertheless, stimuli like PGE2
may favour the differentiation of mature monocyte-derived DCs priming Th2 cells
(229). Moreover, certain costimulatory molecules expressed on activated DCs, such as
OX40L, can deliver a Th2 polarising signal to CD4^ T cells (248). In contrast, human
plasmacytoid DCs mature and secrete high doses of lL-12 and IFNcc/P upon viral
infection and prime Thl differentiation through the induction of IFNy in CD4^ T cells
(249). Furthermore, Candida albicans, at the yeast stage, induces lL-12 production and
Thl protective responses in vitro and in vivo. At the hyphae stage, the same fungus
induces DCs to stimulate lL-4 secretion by T cells and no protective responses (250).
Various splenic DC subsets cultured on CD40L fibroblasts are capable producing
either lL-12 or lL-10 in response to CpG or heat-killed yeast, respectively (150). Tissuespecific environmental cues may participate in the phenotypic differentiation of DCs.
Murine DC purified from Peyer's patches or lung, but not spleen, produce lL-4 and IL10, and preferentially induce Th2 polarisation in vitro (251). Finally, the duration of
DC stimulation can also modulate the polarisation of CD4^ T cells. Indeed, after
prolonged stimulation with LPS, lL-12 production in response to CD40L and LPS is
reduced. These "exhausted" DCs prime m ostly for Th2 and nonpolarised T cells
expressing CCR7, also called central memory T cells (241). In addition, the Toxoplasma
gondii extract STAg induces high sensitivity to stimulation via CD40 and these stimuli

synergise for the production of high levels of bioactive 1L-I2p70 by murine CD8a^
DCs. However, a prolonged stimulation by the extracts paralyses lL-12 production by
DCs (243). Perhaps DC subsets are somewhat specialised to induce different classes of
immune responses but retain enough plasticity to adjust their response to pathogen
signals.
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AN TIG EN RECOGNITION BY T CELLS
As noted above, T cells use their TCR to recognise antigen in the form of short

peptide fragments presented on MHC molecules. The TCR is a complex octameric
structure composed of a ligand-binding heterodimer w hose a and P chains (core TCR)
are encoded by somatically rearranging gene segm ents (clone-specific), associated
with an invariant signalling subunit consisting of one CD3y, one CD3Ô, two CD3e and
two Ç chains (252). The a and P chains are type 1 integral membrane proteins with a
membrane-distal variable imm unoglobulin "V" dom ain and a membrane-proximal
constant im m unoglobulin "C" domain. The "combining site" interacting w ith
p ep tid e/M H C

com plexes is com posed of the hypervariable loops of the

complementarity-determining regions (CDR) in the V domain at the end of the TCR.
The cytoplasmic tails of the a and P chains are short and lack recognisable signalling
motifs, but the CD3 and Ç chains of the TCR complex each contain one or more copies
of an immunoreceptor tyrosine-based activation motive (ITAM) (253). A key event in
the early TCR signalling cascade is the phosphorylation of these ITAMs by Lck, a Src
family tyrosine kinase. Lck is associated with the intracellular domains of CD4 and
CDS, two membrane glycoproteins expressed by T cells, that bind MHC class 1 and
MHC class 11 m olecules, respectively, but lack the specificity of the TCR. These
proteins are believed to form a ternary com plex w ith the TCR and its bound
peptide/M HC ligand, hence the term "coreceptors" (254-256).

1.2.1 The Task
T cells face a major conceptual challenge in recognising antigen. They need to
combine sensitivity, specificity, and to a certain degree context discrimination in the
process of a peptide/M H C recognition. MHC molecules are highly promiscuous in
peptide binding, and the copy number of a specific ligand on an APC for a given TCR
is generally very small. In addition, as these specific ligands are probably randomly
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distributed on the surface of the APC, initially only a small fraction of a specific
peptide/M H C complex is likely to be present in the area of cell contact between the T
cell and the APC®. Consequently, antigen recognition has to be exquisitely sensitive.
Indeed, T cells develop effector activity when only a few hundred of the >10^ MHC
molecules on a APC surface are occupied by agonistic peptides for a given TCR (257260). In addition, recognition must be highly specific, since T cells must discriminate
few antigenic peptide/M H C com plexes among a vast excess of irrelevant, yet
sometimes highly hom ologous, complexes of the same MHC m olecules carrying a
huge variety of self peptides (261,262).

1.2.2 Degeneracy of T-Cell Antigen Recognition
Three conflicting conditions have to be met to generate a useful T cell repertoire.
Firstly, the number of peptides to which the repertoire can respond must be high, to
avoid that foreign peptides remain unrecognised. Secondly, the specificity of
recognition must be high enough for the peripheral repertoire to productively respond
to foreign peptides, but not to self-peptides. Thirdly, the frequency of naïve T cells that
can recognise a specific foreign peptide must be sufficiently high to ensure a rapid
encounter and response. The processes of somatic rearrangement of the TCR a and P
chain-encoding genes and thymic selection form a repertoire that satisfies the first and
(partially) the second condition, but also limits the number of T cell clones very
significantly. Under these limitations it seems reasonable to predict that T cells must
be crossreactive to meet the third condition. Indeed, while it is evident that peripheral
T cells are highly specific in their recognition of peptide/M H C com plexes and
normally do not respond to self, many observations reveal that there is considerable

Peptide/M HC com plexes might appear in small clusters at the cell surface. H owever, these
clusters w ill still be randomly distributed over the APC surface before encounter with a specific
T cell. Upon initial recognition of peptide/M H C complexes, DCs have evolved a mechanism to
direct additional specific peptide/M H C complexes to the zone of contact with the T cell (115).
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crossreactivity such that one TCR can recognise a number of peptides that do not
necessarily show strong sequence homology (263, 264). Functionally, T-cell degeneracy
w as discovered first by the analysis of T cell clones that had unexpected
crossreactivity. Virus-specific CTL clones were show n to react w ith uninfected
allogeneic targets (265, 266). Such a crossreactivity may seem a failure of the immune
system to achieve the apparent optim um level of selectivity, w here one TCR
recognises only one peptide/M H C complex. Considering that T cells are positively
selected in the thymus on an endogenous ligand that is different from their "normal"
foreign ligand (267), monospecificity is obviously not feasible. Furthermore, such a
high level of selectivity would give rise to a functionally inadequate T-cell repertoire
and w ould require manyfold more T cells than actually exist in a mouse (268), and in
fact could not be accommodated in an organism the size of a mouse (269). Thus, a very
high level of crossreactivity is not a handicap but rather an essential feature of the
TCR. Mason argued that a comprehensive response to foreign antigens requires that T
cells can productively react with approximately 10^ different peptides. H ow can a
given TCR recognise multiple ligands? A recent report suggests a two-step mechanism
for TCR binding to peptide/M HC (270). Initially, MHC contact to the TCR dictates the
association, guiding TCR docking in the correct orientation in a largely peptideind ep en dent manner. Subsequently, peptide contacts dom inate stabilisation,
mediating specificity and influencing T-cell activation by m odulating the half-life of
the TC R-peptide/M H C interaction. Such a tw o-step process for TCR antigen
recognition w ould facilitate the efficient scanning of diverse peptide/M H C complexes
on the AFC surface and also make TCRs inherently crossreactive towards different
peptides bound by the same MHC. The authors propose that MHC restriction may be
view ed as a "kinetic gatekeeper" that promotes extensive peptide sampling by guiding
the docking of TCR onto peptide/M H C in a w ay that is m ainly independent of
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peptide. Indeed, the CDR region of the TCR can adopt several conformations and thus
form stable contacts with structurally very different peptides (271-273).

1.2.3 Ligand Property M odels
Surprisingly, the TCR has a low affinity for its (agonistic) peptide/M H C ligand
w ith dissociation constants ranging between 10'^ to 10"^ M (274-278). This is relatively
w eak w hen compared w ith soluble im m unoglobulins w hich com m only have
dissociation constants of <10^ M (279). The low TCR affinities are in apparent
contradiction to the high sensitivity and specificity to low ligand densities on AFC
(257-260). However, low TCR affinity prevents the mass action effect of the large pool
of irrelevant peptide/M H C complexes from producing effective TCR occupancy. A
major consequence of this low -affinity characteristic of T C R -peptide/M H C
interactions is that prolonged occupancy of individual TCRs cannot be achieved by
association of a single TCR with its ligand, precluding the continued generation of
intracellular signals by any individually engaged TCR over the time course typically
required for effective gene activation (280). In the mid nineties two seem ingly
opposing models were proposed to address this issue of requirements for productive
TCR-peptide/MHC interaction, one working at the cell level, the other at the level of
the individual receptor.

1.2.3.1 Serial Triggering
H ow can very low numbers of ligand induce sustained signal transduction
activity in the T cell? Correlating the degree of engagem ent-dependent TCR
internalisation with the number of available specific peptide/M H C complexes led to
the proposal that a single peptide/M HC complex is able to serially engage and trigger
multiple TCRs and thereby achieve high TCR occupancy (281). This serial engagement
of TCRs leads to the amplification of the intracellular signalling required for T cell
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activation and provides a basis for the sensitivity and specificity of antigen recognition
(282, 283). Such a model is consistent with the observation that the TCR-peptide/MHC
interactions are generally of low affinity (micromolar range) and have rapid
association and dissociation kinetics (284). For an efficient serial engagement of
multiple TCRs by a few cognate peptide/M H C ligands, each individual TCR needs to
bind and dissociate from the ligand with fast enough kinetics to allow the next TCR to
be engaged. The T cell becomes activated when a tunable threshold number of TCRs
has been triggered, regardless of the dissociation rate of the ligand (285). The large
number of receptors showing partial Ç phosphorylation following exposure to weak
agonists indicates that the true extent of serial TCR triggering is underestimated by
measurement of TCR downregulation alone, which depends on full TCR complex
activation (286).
However, serial engagement has been challenged by experiments which showed
that TCRs that have not been engaged can be internalised in a peptide/M H C d ep en d en t

m anner

(287). This observation raises the p ossib ility that the

disproportionate TCR downregulation may be due to bystander effects rather than
serial engagement.

1.2.3.2 Kinetic Proofreading
An additional requirement for a productive TCR signal is a minimal half-life for
the TCR-peptide/MHC interaction, as postulated by kinetic proofreading and kinetic
discrimination models (288, 289). According to these m odels, the engagement of the
TCR by peptide/M H C does not immediately lead to TCR triggering, because a series
of phosphorylation steps followed by recruitment and activation of ZAP-70 need to be
performed, a process that requires time. If the duration of the interaction is sufficient,
the phosphorylation and docking events w ill proceed until the fully active TCR
complex is assembled and can transmit the signal to downstream pathways. In
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contrast, a premature dissociation from the peptide/M H C complex before the process
has been com pleted w ill lead to the formation of inactive intermediates that, by
sequestering substrates, inhibit activation by agonists, resulting in antagonism. This
dependence of signalling on stepwise formation of multiple intermediates enhances
the fidelity of kinetic discrimination by allowing for a greater number of proofreading
steps (289, 290). In this way, the kinetic proofreading m odel defines a minimum time
threshold for the TCR-peptide/MHC interaction to be productive. Support for these
models came from measurements of the binding kinetics of soluble TCR with soluble
peptide-MHC ligands (284), and data showing an inverse correlation between either
affinity or dissociation rate and ligand potency. This hypothesis provides a simple
explanation for the altered ratio of Ç phosphorylation as w ell as the recruitment of
ZAP-70 without activation seen with low affinity partial agonist and antagonists (see
A ltered Peptide Ligands), based on the notion that full phosphorylation of ^ and

activation of recruited ZAP-70 take longer than partial Ç phosphorylation and ZAP-70
binding itself (290).
The kinetic proofreading m odel has been challenged recently by a report
identifying a low affinity peptide/M H C ligand w hich stim ulates distal T cell
signalling but inefficiently induced proximal activation events. Theses data argue that
T cells are activated by accumulation of "trickled through" signal to less reversible
downstream signalling intermediates (291). The required thresholds for a particular
response are reached at different time points for different TCR ligands, in concordance
with earlier findings by other groups (285,292).

1.2.3.3 Competing Requirements for Serial Triggering and Kinetic Proofreading
According to the latter of the above theories, several sequential ITAM
phosphorylation steps are required for full triggering of the TCR. Thus, premature
dissociation of the TCR from the peptide/M H C ligand w ould result in incomplete
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signalling, enabling the TCR to discriminate very effectively between peptide/M HC
ligands where the half-life of the TCR-peptide/MHC complex differs only slightly
(288). In support of this it has been shown that, in general, T cell activation correlates
with the half-life of the TCR-peptide/MHC interaction (275, 277, 278, 284, 293). Thus,
for agonist peptide/M H C ligands, the half-life of TCR interaction is above a certain
threshold, whereas for antagonist ligands the half-life must be below this threshold
(293). These antagonist peptide MHC ligands are unable to engage the TCR with
sufficient stability to allow completion of a productive signalling cascade (290). The
idea of a strict positive correlation betw een the half-life of a TCR-peptide/M HC
interaction and T cell activation remains controversial, however. In the case of some
peptide variants it has been found that a longer half-life weakens the agonist activity
(277, 294-297). It is likely that TCR-peptide/MHC interactions that have excessively
long half-lives impair the serial engagem ent of TCRs by low -density cognate
peptide/M H C complexes on the ARC surface, which w ould prevent T cell activation.
Thus, it appears that efficient T cell activation requires an optimal dwell-time of
interaction between the TCR and the peptide/M H C complex to allow serial triggering
of a threshold number of TCRs on the one hand and complete phosphorylation of the
ITAMs on the other hand (298). Thus, the potency of any particular peptide/M H C
complex will be related to both its overall affinity and its dissociation rate. The affinity
of the TCR for the peptide/M H C complex w ill determine the minimal number of
receptors that can be engaged at equilibrium. The dissociation rate will determine how
many additional TCRs can be engaged by a single peptide/M H C complex.

1.2.4 Altered Peptide Ligands (APLs)
Insight into the markedly disproportionate dose-response relationships of the
small affinity differences of stimulatory and non-stim ulatory ligands came from
studies of altered peptide ligands (APLs) (299-301). These are peptide/M H C
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complexes in which only one or a few amino acids in the peptide differ from those of
the known agonist (stimulatory) complex for a particular TCR^ Modified ligands of
this type show pharmacological properties ranging from superagonist (more potent
than the original stimulatory ligand) to partial agonist (able to evoke, at high ligand
densities, some but not all effector responses induced by the agonist) to antagonist
(incapable of stim ulating responses but able to interfere w ith responses to
simultaneously presented agonist) to null ligand (lacking any measurable effect on T
cell function). The altered responses have been correlated to distinct patterns of
tyrosine phosphorylation of the TCR-proximal signalling machinery. Partial agonists
and even antagonists induce preferential accum ulation of a partially tyrosinephosphorylated form of Ç (p2lÇ, murine system) associated with inactive ZAP-70 (293,
302-306). Strongly stimulatory ligands, in contrast, produce both this p2lÇ and an
equal or greater amount of fully phosphorylated p23Ç associated with kinase-active
ZAP-70. Unlike it is the case for partial agonists or antagonists, decreasing agonist
concentration leaves the p23Ç/p21^ ratio unaltered. These data suggested a qualitative
effect of APL on the signalling process.
The capacity to induce TCR downregulation correlates w ith the capacity to
activate T cells. Thus, strong agonists induce higher levels of downregulation than
weak agonists, while antagonists fail to downregulate TCRs, but completely inhibit
TCR downregulation induced by agonists (307-309). In the context of serial triggering,
TCR antagonism may be explained not only by sequestration or consumption of TCR
substrates but also by sterile occupancy of TCRs, that may limit the pool available for
triggering by agonists.
The integration of the kinetic proofreading and TCR serial triggering models
provides a kinetic definition for TCR agonists. Strong agonists w ill fall within a short

^ Alternatively, the alteration can be in the peptide-binding domain of the MHC molecule, while
maintaining the original agonistic peptide.
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kinetic w indow that represents a compromise between successful completion of all
steps required for TCR triggering and timely dissociation of the ligand from the
triggered TCR, to make it available for further cycles of ligation and triggering. In this
context the coreceptors CD4 and CD8 may act as "kinetic tuners" (see Role of the
Coreceptors CD4 and CDS). By stabilising the TCR-peptide/MHC interaction, they may

allow weak agonists to engage TCRs long enough to reach the triggering threshold,
w hile they could be dispensable in the case of optim al ligands. Accordingly,
coreceptors may either increase the efficiency of TCR triggering by weak agonists or
change a partial agonist into a full one (308,310,311).

1.2.5 T-Cell Receptor Triggering M odels
While the biochemical events propagating the signal downstream of the TCR are
understood in detail (306) (see Biochemistry of TCR-Proximal Signalling), the mechanism
by w hich the engagement of the TCR initiates the signalling cascade still remain
som ehow elusive. Various m odels were proposed for the initial triggering event
induced by binding of the peptide/M H C ligand to the TCR. Traditionally, these
models either include conformational change of the TCR complex (312) or some form
of homo- or heteromultimerisation (313-316). N ew ly emerging theories address some
of the shortcomings of the older models which fail to explain some experimental data
and fundamental considerations.

1.2.5.1 Conformational Change M odels
Induction of signalling by conformational change of the core TCR itself (317)
appears unlikely, since T cells cannot be activated by monovalent ligation of the TCR
in the absence of a coreceptor (318)^°. Structural analyses of ligated and unligated TCRs
One report suggests that a single peptide/M H C complex on an APC can induce a cytolytic
response from a CDS^ T cell clone (259). The APC population used in this study presents one
specific com plex on average, however, in reality there w ill be a fraction of APCs within this
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indicated induced fitting by adjustments of the CDR loops to accommodate a broad
spectrum of ligands with differences in structure, and a diagonal binding mode of the
TCR to the peptide/M H C complex at an angle of 40° to 80° relative to the peptidebinding groove (296, 319-328)^^ The existence of an approximately conserved TCR
orientation might be important for the recognition of the TCR-peptide/MHC complex
by coreceptor molecules or to facilitate a proposed association of TCR-peptide/MHC
com plexes into oligom ers to initiate signalling. In support of the findings from
structural studies, thermodynamic analyses of TCR-peptide/M HC interactions also
suggest a conformation flexibility among the interface which may allow the TCR to
scan the peptide/M H C complex (273, 329). By comparing the effect of a "superagonist"
and a weak agonist on conformational changes in the CDR loops and the biological
activity, a "functional hot spot" w as defined w hich w as attributed w ith the
responsibility of discriminating between the various types of ligands (296). However,
there is no evidence that these conformational changes could propagate away from the
TCR-peptide/M HC interface or have other functional consequences on signalling.
Furthermore, there was no correlation between the minor structural refittings and the
signalling outcome (296). Instead of altering the conformation of the core TCR, one
could envisage a mechanism whereby the relative orientation of two TCRs within pre
assembled dimers (330) would change upon simultaneous engagement.

1.2.5.2 Oligomerisation M odels
Other w idely accepted models completely renounce conformational change of
previously unengaged TCR units. Instead, m ultim erisation m odels suggest that
binding of peptide/M H C complexes to at least tw o adjacent a^TCR heterodimers
population presenting many specific peptide/M H C com plexes, which could solely responsible
for activating the T cell clones.
An important caveat is that in all structural and many kinetic studies the CD3 and ^ chains, as
w ell as the transmembrane anchors and cytoplasmic segm ents of the a and P chains were
absent.
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induces signalling by bringing TCRs and coreceptor-associated signalling molecules in
close proximity to each other (314-316). On the one hand, oligom erisation of TCRpeptide/M H C complexes as a signalling mechanism is conceptually appealing, as
there are many receptors for which this has been suggested (331). On the other hand, it
is at odds with the observation that TCR triggering can occur at very low ligand
density (332), as it is likely to be the case under physiological conditions. In fact, the
induction of the TCR signalling cascade is more efficient per peptide/M H C ligand
when its density is low (281), as indicated by the logarithmic dose-response curves.
Again, this is incompatible with oligomerisation as a necessary requirement for TCR
triggering. Two prominent reports using soluble ap heterodimer receptors suggest
that engagem ent w ith agonistic p eptide/M H C com plexes induces the direct
aggregation of multiple TCR-peptide/M HC com plexes (313, 333). The degree of
assembly is strongly dependent on the stability of the primary complex and could
determine the extent and qualitative nature of the transduced signal. Another group
found no evidence for induced oligomerisation of TCR-peptide/M HC complexes,
indicating that this is not a general property of soluble a^TCRs or their complexes
with ligands (334). The authors suggest that membrane-anchored, fully assembled
TCRs should be studied. In this context it is important to consider that although the
core aPTCR heterodimer per se is relatively small, there could be sterical hindrance of
direct multimerisation. First, the core receptor (a and P chain) is surrounded by the
other chains of the minimal octameric TCR complex (CD3 and Q . Second, TCRpeptide/M H C complexes as w ell as coreceptors are decorated w ith bulky sugar
residues, making a direct interaction betw een aPTCR heterodimers unlikely (335).
H owever, this does not exclude heterodimerisation of the TCR complex with the
coreceptor upon simultaneous binding to the same peptide/M H C complex. This is
consistent with data showing that soluble peptide/M H C complexes can trigger T cells
if they express a coreceptor (318).
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1.2.5.3 Kinetic Segregation M odel
Increasing attention now focuses on the process of TCR engagement within the
physiological constraints of the two cell membranes of the T cell and the APC. Several
findings and considerations indicate that it might be important to take spatial factors
into account. First, some peptide/M H C complexes were found not to bind to a given
TCR under cell-free conditions, but APCs presenting these complexes were able to
stimulate specific CTL responses by T cells expressing the same TCR (336). Second, it
seems plausible that TCR and peptide/M H C com plexes are restricted to lateral
movement in two dimensions instead of mobility in three dimensions, and are subject
to considerable mechanical stress. This suggests that kinetic data from molecules in
solution do probably not accurately reflect the situation at the T cell-APC interface. It
has been proposed that the "two-dimensional affinity" is a more relevant parameter for
TC R-peptide/M H C interaction (337, 338). For the CD2-CD58 interaction, the 2D
affinity was show n to be markedly higher than the 3D affinity. Third, the TCRpeptide/M H C interactions have a remarkably high activation enthalpy (273, 329),
suggesting considerable mechanical strength (339). Fourth, the distance spanned by
TCR-peptide/MHC was measured from crystal structures and found to be only about
15 nm (326, 340), which is similar to the size of a CD2-CD58 complex. In contrast, the
extracellular domains of two of the most abundant molecules covering about 30% of
the T cell surface area, the glycoproteins CD45 and CD43 (341), extend at least 45 nm
from the T cell surface. All this makes a kinetic segregation model reasonable, which
postulates that initial stable TCR binding of peptide/M H C mediates TCR complex
activation by tethering the TCR complex within a zone of close membrane contact in
which tyrosine phosphorylation is favoured (342-344). In such a m odel, integrinmediated cell adhesion leads to stochastic binding of CD2 an d /or CD28 on T cell by
CD58 an d /or B7, respectively, on the APC, an interaction w ith considerable overall
avidity (338). This enables the stable engagement of TCRs by peptide/M H C complexes
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w hich could nucleate the spatial segregation of membrane-bound m olecules by size
discrimination, with apposition of coreceptor-linked Lck to its substrates on the one
hand, and exclusion from the zone of close membrane contact large tyrosine
phosphatases with bulky ectodomains such as CD45 on the other hand (342)^^. Thus, a
key feature of such a model is that engagement of the TCR does not directly result in
its activation. Rather, it is the spatio-temporal rearrangement of the membrane
proteins in the area of contact between the T cell and the APC generating a favourable
"milieu" for ITAM phosphorylation that is the crucial process (344). In addition, the
local enrichment in TCR-peptide/MHC complexes w ould improve serial engagement
of TCRs. A recent theoretical study suggests that receptor clustering leads to increased
sensitivity to ligand (347). A combination of low threshold of response (high
sensitivity) and w ide dynamic range could be achieved if there are both clustered and
single receptors on a cell surface. Others have postulated that the local clustering of
TCRs in a lattice would lead to a significant cooperative enhancement of specificity at
a very modest cost in sensitivity (348). Depending on the half-life and dissociation rate
of the TCR-peptide/MHC complex, it is possible for the kinetic segregation process to
stall at different points integrating kinetic proofreading and serial engagem ent,
thereby increasing the fidelity of the process as w ell as facilitating quantitatively and
qualitatively differential signalling as observed with APL (281,288-290).

1.2.6 Role of the T-Cell Coreceptors CD4 and CD 8
The coreceptor function has been extensively studied and clearly involves two
distinct events. The first is binding of the coreceptor ectodomain to conserved regions
on the MHC m olecules (256). While the binding of TCRs to peptide/M H C is
characterised by low affinity, slow kinetics and a high degree of crossreactivity, the

These zones of close contact are on a small scale and not identical w ith the immunological
synapse, which in fact is dependent on preceding TCR signalling (345,346).
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interaction of CD4 or CD 8 with their MHC ligands is characterised by low affinity, fast
kinetics and "rigid-body" binding mode (256). Because the coreceptor binds MHC with
a lower affinity, faster kinetic and independently from the a|3TCR, it ensures that
binding is dom inated by the TCR rather than the "assistant" coreceptor. Once
recruited, CD 8 or CD4 can stabilise peptide/M H C ligation by adding to the much
stronger TCR-peptide/M HC interaction, thereby increasing the half-life of TCR
engagement (318, 349-352). The second event is the recruitment of Lck associated with
the cytoplasmic domains of the coreceptor to the vicinity of the ITAMs of the TCR
complex, to initiate the TCR signalling cascade (353). However, the requirement of
these coreceptors for activation is not absolute but rather depends on the quahty of the
ligand (308, 354). The interaction of coreceptor and cognate MHC molecules is
dispensable when T cells are stimulated by optimal ligands, but becomes crucial when
suboptimal ligands are used. In the latter case the coreceptor increases the efficiency of
TCR triggering without changing the activation threshold or the quality of the T cell
response.
The above m odel in w hich CD4 and CD 8 assist in stabilising a TCRpeptide/M H C interaction has been repeatedly challenged. Xu & Littman suggested
that efficient CD4 coreceptor function required binding of associated Lck with
previously assembled TCR-peptide/MHC complexes after TCR activation (355). A
similar role has been proposed for CD 8 based on analogous data (356). Studies using
multivalent peptide/M H C complexes lead all to the same conclusion. Neither CD4
nor CD 8 plays a role in forming a stable interaction of TCR with peptide/M H C (310,
315, 357-359). These data suggest that the coreceptors m ight participate in T cell
activation only after the TCR has already stably bound and been triggered by its
ligand (359).
Another interesting observation came from m icroscopy experiments showing
that upon APC-T cell contact initial elevations of intracellular Ca^^ levels coincided
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w ith the form ation of sm all aggregates of Ç and CD4, w ith the subsequent
redistribution of Ç to the centre of the cell interface while CD4 moved to the periphery
(360). These results suggest that CD4 may serves primarily to boost recognition of
ligands by the TCR and may not be required once activation has been initiated.

1.2.7 Biochemistry of TCR-Proximal Signalling
The first biochemical event that can be detected in TCR-proximal signalling is the
stepw ise ITAM phosphorylation of CD3 and Ç chains by coreceptor-associated Lck
and Fyn, creating sites bound by the tandem SH2 domains of the Syk family kinase
ZAP-70 (361, 362). Recruitment of the latter kinase leads to its phosphorylation and
enzymatic activation (361). Active ZAP-70 then phosphorylates the integral membrane
adaptor protein LAT, enabling SLP-76 to bind, and together these proteins act as sites
for the recruitment of additional adapters and key enzym es involved in further
downstream T cell signalling, such as PLCy, PI3K, Itk, and small GTPases (353,363-365)

TCR engagem ent also leads to the tyrosine phosphorylation of the cytosolic
phosphatase SHP-1 (366), promoting the binding of the m odified SHP-1 to TCRassociated Lck, whether or not the TCR in question has been engaged ("signal
spreading") (367). The binding is followed by full activation of SHP-1 and then the
inactivation of the associated Lck and ZAP-70 (367). Unexpectedly, the tempo of SHP-1
binding to the TCR is inversely related to the potency of the TCR ligand used, fast for
antagonists and slow for agonists. At the same time serine phosphorylation of Lck by
ERK prevents binding of tyrosine-phosphorylated SHP-1 to the Lck SH2 domain,
allowing prolonged TCR signalling. Interestingly, agonists, but not antagonists, effect
the rapid upregulation of ERK activity. Thus, tw o feedback loops operate in
opposition once TCR engagem ent begins, w ith SHP-1 acting to terminate TCR
signallin g and ERK acting to preserve receptors from such desensitisation.
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Furthermore, TCRs may be desensitised during or shortly after engagement by a
process of internalisation through receptor endocytosis leading to degradation (281,
368, 369). Others have suggested that productive TCR engagem ent induces TCR
downmodulation by preventing receptor recycling rather than internalisation (370).
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1.3 SUM M ARY
This introduction describes how DCs in the periphery encounter pathogens and
take up antigen. The recognition of "foreign" determinants associated w ith the
pathogens initiates a developmental program in DCs resulting in their migration to
secondary lymphoid organs as w ell as their terminal functional maturation. Moreover,
by carefully orchestrating their antigen processing and presentation machinery, DCs
display preferentially antigens taken up in situ at the site of pathogen encounter. The
antigens are presented to T cells in the form of short protein fragments loaded onto
MHC molecules. T cells use their TCR to recognise these peptide/M H C complexes.
The exact way in which ligand binding triggers the TCR, and how minute alterations
in ligand properties can change their biological very significantly, is still a matter of
debate.

In chapter 3 of this thesis, 1 w ill address the question whether the intrinsic
degeneracy of T cell antigen recognition has functional consequences in situations
where a foreign antigen is recognised in the presence or absence of self. In chapter 4,1
will discuss how new ly activated T cells can feed back to APCs and modulate their
phenotype and functional competence. Finally, chapter 5 considers the question which
molecules expressed by T cells can mediate the effects on APCs described in the
previous chapter.
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Materials & Methods

REAGENTS
All reagents used for in v iv o or in vitro assays were rigorously tested for

endotoxin contamination using the Limulus Amebocyte Lysate Test (BioWhittaker,
Walkers ville/ MD), according to the manufacturer's instructions. Endotoxin levels in
all reagents at the final concentrations used in assays were significantly lower than the
minimum required for DC activation.

2.1.1 Peptides
All peptides were synthesised and HPLC-purified by the Cancer Research UK
peptide synthesis service. For peptide doses used in vitro and in vivo see Methods and
figure legends.

2

pOVA

SIINFEKL, ovalbumin 257-264

biotin-pOVA

ditto, N-terminal biotinylation (e-aminohexanoic acid spacer)

pVSV

RGYVYQGL, vesicular stomatitis virus nucleoprotein 52-59

OVA 3 2 3 .3 3 9

ISQAVHAAHAEINEAGR, ovalbumin 323-339

F1EL46.61

NTDGSTDYGILQINSR, hen egg lysosyme 46-61

.1 . 2 Superantigens
Concanavalin A (ConA) and staphylococcal enterotoxin B (SEB) were purchased

from Sigma (Poole, UK). ConA and SEB were used at a dose of 1 pg per mouse (wildtype BIO.BR and BALB/c, respectively) for in vivo immunisations.

2.1.3 Microbial Stimuli
CpG-containing DNA ("CpG") was a phosphorothioate-linked oligonucleotide
with the sequence TCCATGACGTTCCTGATGCT (371) synthesised by the Cancer
Research UK oligonucleotide synthesis service (Clare Hall, South Mimms, UK).
Soluble tachyzoite A g (STAg) prepared from tachyzoites of the RH

8 8

strain of
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Toxoplasma gondii (14, 372) was a kind gift from Dr. A. Sher (NIH, Bethesda, MD).

Zymosan (Sigma) was boiled for 30 min and washed twice in PBS. Small aggregates
were desintegrated by vigorous pipetting immediately before use. Purified protein
derivate ("PPD") of Mycobacterium tuberculosis was purchased from Statens Serum
Institut (C openhagen, Denmark). M icrobial stim uli w ere used at saturation
corresponding to the following final concentrations in vitro (stimulus, concentration):
CpG, 1 pg/m l; STAg, 5 pg/m l; PPD, 10 |xg/ml; zymosan, 10 pg/m l; and in vivo: CpG,
5 pg/m ouse; STAg, 10 pg/m ouse.

2.1.4 Antibodies & Staining Reagents
2.1.4.1 Antibodies Used In Vitro and In Vivo
Anti-CD40 mAb used for in vivo treatment (50 pg/m ouse) was clone FGK-45, rat
IgG2 a isotype (373), a kind gift from Dr. A. Rolink (Basel, Switzerland). Antibodies
against CD3e (clone 145-2C11, hamster IgGJ, CD28 (37.51, hamster IgGz)^^ pOVA/K*’
(25-Dl, mouse IgGJ, and H-2K’^ (Y3, mouse IgGjb) were from the Cancer Research UK
antibody production facility. Blocking antibody against CD40L (MRl, hamster IgG)
was purchased from PharMingen (Becton-Dickinson, Oxford, UK), and used at the
recom m ended concentration. N eutralising anti-TRANCE antibody preparation
(polyclonal, goat IgG) and normal goat IgG were from R&D Systems (Abingdon, UK),
and used at the recommended concentration. Normal m ouse IgG was purchased from
Z ym ed (San Francisco, CA) and norm al ham ster IgG w as from Jackson
ImmunoResearch (West Grove, PA). All these antibody preparations were in
endotoxin-free, sterile PBS without NaNg.

3C11 and 37.51 were used in combination to coat tissue culture plates were indicated at a
concentration of 10 p g /m l each.
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2.1.4.2 Reagents for FACS Staining
All antibodies listed below and the appropriate isotype controls (corresponding
conjugate, for isotypes see manufacturer's catalog) were purchased from PharMingen
(Becton-Dickinson, Oxford, UK), and were used at the concentration recommended by
the manufacturer or determined in titration experiments (data not shown). Antibodies
routinely used were specific for the following markers (-conjugate). Antibody clones
are indicated.

CD4 (-FITC, -PE, -APC, biotin), RM4-5

Ox40L (-biotin) RM134L

CD 8 a (-F1TC, -PE, -APC, biotin), 53-6.7

4-lBBL (-biotin), TKS-1

CD69 (-PE), H1.2F3

H-2K'" (-FITC, -PE, biotin), AF6-88.5

C D llb (-PE, biotin), M l/7 0

H-2D‘^(-FITC), 34-2-12

C D llc (-FITC, -PE, -APC, biotin), HL3

H-2K’' (-PE), 36-7-5

Gr-1 (-PE, biotin) RB6-8C5

I-A'^ (-FITC, -biotin), 25-9-17

B220 (-FITC, -APC, biotin), RA3-6B2

I-A^ (-FITC, -biotin), AMS-32.1

FcyRIII/II (-biotin), 2.4G2

I-A^ (-FITC, -PE, -biotin), 10-3.6

ICAM-1 (-PE), 3E2

I-E^ (-biotin), 14-4-4S

ICAM-2 (-PE), 3Ca

Va2 TCR (-PE), B20.1

B7-1 (-PE), 16-lOAl

TCRP (-PE), H57-597

B7-2 (-PE), GLl

VP5.1/2 TCR (-FITC, -PE), MR9-4

CD40 (-PE), 3/23

VP8.1/2 TCR (-PE), MR5-2

Fas (-biotin), Jo2

yôTCR (-biotin), GL3

CD27 (-biotin), LG.3A10

Pan-NK (-biotin), DX5

CD30L (-biotin) RM153

Purified 2.4G2 (anti FcyRIII/II, rat IgGzJ used to block unspecific antibody
binding (via Fc), 25-Dl (anti-pOVA/K^, mouse IgG^), YTS169 (anti-CD 8 oc, rat IgGjb)/
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KJl-26 (anti-DOll.lO TCR, mouse IgG2 a) and 1G12 (anti-3A9 TCR, mouse IgGJ were
from the Cancer Research UK antibody production service, and used at saturating
concentrations determined in titration experiments (data not shown). 25-D l, KJl-26
and 1G12 were biotinylated using EZ-Link^'^ Sulfo-NHS-LC-Biotin (Pierce, Rockford,
IL) according to the manufacturer's instructions.

Streptavidin conjugates (-PE, -CyChrome, -APC) were from PharMingen or
Caltag (-FITC; Burlingame, CA, USA). Tetrameric pOVA/K^ complexes (-PE) were a
gift from the NIH Tetramer Core Facility (Atlanta, GA). T0-PR 03, a DNA-binding dye
for live-dead discrimination was from Molecular Probes (Molecular Probes, Europe
BV, Leiden, The Netherlands).

2.2

BUFFERS, SOLUTIONS A N D M EDIA

Phosphate-buffered saline (PBSk For FACS analysis, ELISA and other analytical
assays, PBS was prepared according to the following recipe.
1.43 g Na 2 HP 0

4

8

g NaCl, 0.25 g KCl,

and 0.25 g KH2 PO4 were dissolved in 1 liter dH 2 0 , the pH adjusted to

7.2 and then the solution was autoclaved. PBS used in cell preparations, or other in
vitro and in vivo assays was purchased from GIBCO (Life Science Laboratories Ltd.,

Luton, UK).
PBS/EDTA: PBS, 5 mM EDTA
FACS buffer: PBS, 5 mM EDTA, 1% PCS (heat-inactivated fetal calf serum), 0.02%
NaNg (w /v )
MACS buffer: PBS, 2 mM EDTA (tissue culture grade, GIBCO), 1% ECS
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Complete m edium : RPMI 1640 supplem ented w ith 2 mM glutam ine, 50 pM 2mercaptoethanol, 100 units/m l penicillin, 100 p g /m l streptomycin (all purchased from
GIBCO) and 10% PCS (Autogen Bioclear, Mile Elm Caine, UK).
Serum-free medium: RPMI 1640 supplemented with 2 mM glutamine only.
Red blood-cell lysis buffer: 155 mM NH4CI, 10 mM KHCO3, 0.1 mM EDTA, milliQHzO,
pH 7.0-7.2, sterile filtered
ELISA coating buffer: 0.1 M NaHCOg in dH20, pH 8.2
ELISA washing buffer: 0.05% Tween-20 in PBS
ELISA blocking buffer: 2.5% PCS in PBS, 0.02 % NaNg (w /v )

2.3

MICE

2.3.1 Wild-Type Mice
Wild type C57BL/6 (H-2’^), BIO.BR (H-2^), BALB/c (H-2^), and PKBALB/c x
BIO.BR) (H-2^^*^) mice were from the Cancer Research UK animal facility (Clare Hall,
South Mimms, UK). C 3H /H eI mice (hyporesponsive to endotoxin) were purchased
from Charles River (Margate, UK).

2.3.2 TCR-Transgenic Mice
OT-1 mice (374) bearing a transgenic TCR specific for pOVA/K^ (Va2 Vp5) on a
RAG-1-deficient background corresponding to C57BL/6 were a gift from Dr. D.
Kioussis (National Institute for Medical Research, Mill Hill, UK).
Mice bearing the transgenic V(35 chain derived from the OT-I TCR (hereafter
termed Tax5) on a C57BL/6 background were originally purchased from the Jackson
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Laboratories (Bar Harbor, Maine, USA). These mice (stock number 002929) were
originally sold as OT-I mice but were later found not to express the Va2 transgenic
chain and to express endogenous a chains instead.
Female anti-HY mice (375) bearing a transgenic TCR (Va3 V(38) specific for
smcy 7 3 g.7 4 6 /D^ (the "HY" antigen) on a C57BL/ 6 background were a gift from Dr. D.
Cantrell (Cancer Research UK, London, UK).
3A9 mice (376, 377) bearing a transgenic TCR specific for

presented on I-

A^ (Va3 VpS) on a RAG2-deficient BIO.BR background were orignially purchased
from the Jackson Laboratories.
0 0 1 1 .1 0

mice (378, 379) bearing a transgenic TCR specific for OVA 3 2 3 .3 3 9

presented on I-A^ (Va2 V(38) on a B A L B /c-scid background were a gift from Dr. P.
Garside (Glasgow, UK).
OT-II mice (380) bearing a transgenic TCR specific for OVA 3 2 3 .3 3 9 presented on IA^ (Va2 VpS) on a C57BL/6 background were a gift from Dr. A. Pirel (Transgenic
Alliance, L'Arbresle, France).

2.3.3 "Knockout" Mice
Mice genetically deficient in TAPI (57) on a C57BL/

6

background (TAPl '^') were

originally purchased from the Jackson Laboratories.
Mice genetically deficient in IL-12p40 (381) on a BALB/c background (IL-12'^')
were orignially purchases from the Jackson Laboratories.

All mice were bred and kept at the animal facility of Cancer Research UK (Clare
Hall, South Mimms, UK) under specific pathogen-free conditions, and used at 6-12
w eeks of age (sex- and age-matched w ithin experim ents). A ll injections were
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performed intravenously (i.v.). Reagents or cells were typically in 200 pi of tissueculture grade PBS (GIBCO, Life Science Laboratories Ltd., Luton, UK). If not stated
otherwise, 10 pg of OVA 3 2 3 .3 3 9 (for experiments with D O ll.lO or OT-II mice) or 1 pg of
pOVA (for experiments with OT-I mice) were routinely administered in single dose
experiments. All animal procedures and husbandry were in accordance with the UK
governmental regulations (Animals Scientific Procedures Act 1986) and institutional
policies.

2.4

CELL LINES
RMA and RMA-S cells (gift from K. Kàrre, Stockholm, Sweden) are derived from

the Rauscher leukemia virus-induced C57BL/ 6 T cell lymphoma RBL-5. RMA-S is a
TAP2-deficient derivative of RMA (382).
B3Z is a T-cell hybridoma specific for pOVA/Kb (383) (gift from Nilabh Shastri,
University of California Berkeley, CA, USA). It carries a gene coding for the the lacZ
reporter under the control of an NF-KB-dependent promoter.
CD4QL-3T3 has been derived from the mouse fibroblast cell line NIH 3T3 by
stable transfection with a retroviral vector carrying the murine CD40L gene under the
control of the CMV promoter. SAMEN-3T3 was retrovirally transduced w ith the
empty vector. Surface expression of CD40L on CD40L-3T3 but not on SAMEN-3T3
was confirmed by flow cytometry (data not shown). CD40L-3T3 and SAMEN-3T3
were kind gifts from Drs. R. Lapointe and P. Hwu (NCI, Bethesda, MD).

2.5

M ETHODS

2.5.1 Cell Prepartions
A ll primary cells were prepared from freshly isolated organs using sterile
technique. Cells were kept refridgerated during manipulations and put on ice for short
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term storage. All reagents and plastic ware were tissue culture grade. All primary cells
(and cell lines) were cultured in complete medium, supplemented as indicated (where
applicable). Culture conditions were: 37°C, 95% humidity, 5% CO2 .

2.5.1.1 Total Splenic DCs
Dendritic cells were routinely isolated by collagenase digestion of spleens and
subsequent magnetic separation. Briefly, freshly isolated spleens were injected with
serum-free m edium supplem ented w ith Liberase Cl (1.7 W ün sch-U /m l, Roche
Diagnostics, Lewes, UK) and DNase I (0.2 m g /m l, Roche Diagnostics) and digested
during an incubation for 20 minutes at 37“C. Digested spleens were strained through a
50 pm cell sieve and washed once with cold MACS buffer. The splenocytes were
labelled with anti-C Dllc MACS beads (clone N418, Miltenyi Biotec, Bisley, UK) for 10
minutes at 4°C, followed by washing with chilled PBS and positive selection using LS
magnetic columns (Miltenyi Biotec), according to the manufacturer's instructions.
Resulting cells were routinely 90% pure and free of T cells (CDllc^^®^, MHC class IP,
TCRP", data not shown). These cell preparations were routinely used in assays
requiring splenic DCs. When required (or used interchangeably), DCs were further
purified by FACS-sorting: MACS-enriched DCs were stained with sterile-filtered antiC D llc antibody (PE-conjugated) for 30 minutes at 4°C and washed once with chilled
PBS. Cells were resuspended in MACS buffer and sorted on a MoFlo cytometer
(Cytomation, Fort Collins, CO). Resulting cell preparations were routinely >99% pure
and viable (T0-PR03-negative, CDllc^'^\ data not shown).

2.5.1.2 FACS-Sorted DC Subsets
Total splenic DCs suspended in MACS buffer were stained w ith sterile-filtered
antibodies against CD8a, C D llc , and CD4 (FITC-, PE, and APC-conjugated,
respectively) for 30 minutes at 4“C and washed once with chilled PBS. Cells were then
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resuspended in MACS buffer and sorted on a MoFlo cytometer into CD4CD8a
CDiic^igh (ON DCs), CD4+CD8aCDllc^'8'' (CD4+ DCs), and CD4 CD8aXDllc^8^
(CD8a^ DCs) populations. Resulting cells were routinely >98% pure and viable (TOPR03-negative, CDllc^'^^ and expressing the relevant markers, data not shown).

2.5.1.3 Bone Marrow-Derived DCs
Femurs and tibias were rem oved from sex- and age matched C57BL/6 and
TAPl"^" mice and freed of residual muscle and ligament tissue. Intact bones were
desinfected for 1 minute in 70% ethanol and then transferred into chilled PBS. After
carefully cutting off both ends from bones, the marrow w as flushed out with PBS
using a 23G syringe needle. Cell clusters were gently disrupted by multiple pipetting
and the resulting suspension strained through a 70 pi cell sieve. After centrifugation,
cells were resuspended in 10 ml complete medium (per pooled bone marrow from one
donor mouse), seeded in 10 cm tissue culture dishes and incubated for 30 minutes at
37°C. Nonadherent and loosely adherent cells were carefully recovered from the
dishes and pelleted by centrifugation. Then, cells w ere resuspended in 30 ml
prewarmed complete medium supplemented with GM-CSF (200 U / ml, BIOSOURCE,
Camarillo, CA) and IL-4 (100 U /m l, BIOSOURCE, Camarillo, CA), seeded in a 75 cm^
tissue culture flask and incubated under normal tissue culture conditions. 48 hours
later, 20 ml of supernatant was carefully removed from cultures and replaced with an
equal volum e of fresh, prewarmed medium supplemented with GM-CSF (300 U /m l)
and IL-4 (150 U /m l). After additional 3 days of culture, nonadherent and loosely
adherent cells were carefully recovered from flasks and used in assays. Resulting cells
were routinely 85% pure and of an immature phenotype (CDllc^^^\ MHC class 11^°^,
B7-idim, B7_2din^^ CD40^^"^, data not shown).
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2.5.1.4 T Cell-Depleted Bone Marrow
Single-cell suspensions of bone marrow cells were prepared as for bone marrow
derived DCs. After centrifugation, cells were resuspended in a small volum e of chilled
PBS and labelled with labelled with anti-CD90 MACS beads (Miltenyi Biotec) for 10
minutes at 4°C, followed by washing w ith chilled PBS and positive depletion of
labelled cells using LS magnetic columns (Miltenyi Biotec). Flow-through cells were
virtually free of T cells (<0.1% TCRp^, data not shown).

2.5.1.5 Naïve T Cells (APC-depleted)
Naïve T cells from TCR-transgenic mice were purified from pooled lymph nodes
and spleens by negative selection using m agnetic beads. Briefly, single cell
suspensions were prepared by forcing lymph nodes and spleens through 50 pm cell
sieves by gently pressing with a syringe plunger. Cells were labelled with a cocktail of
sterile-filtered biotinylated mAbs including anti-PcyRIII/II, anti-CD4/CD8a^^ antiC D llb , anti-C D llc, anti-Gr-1, anti-B220, anti-MHC class II, anti-yÔTCR, and antiPanNK, washed and incubated with strep tavidin-beads (Miltenyi Biotec). Optionally,
red blood cells were then lysed according to separate protocol. Labelled cells were
passed through a MACS depletion column and the flowthrough fraction was collected.
Resulting cell preparations were >95% pure and found to be free of APCs in functional
assays and by flow cytometry (data not shown).

2.5.1.6 Antigen-Experienced OT-I Cells
Antigen-experienced OT-I cells were generated by stimulating naive OT-I cells
with y-irradiated, pOVA-pulsed C57BL/6 splenocytes for 10 days in the presence of
1.5

X

10^ lU /m l recombinant IL-2 (Proleukin, Chiron, Amsterdam, Netherlands) in

Anti-CD4 antibody was used when OT-I, Jax5 or anti-HY CD8^ T cells were isolated. Accordingly,
anti-CD8a antibody was used when 3A9, D O ll.lO or OT-IIT cells were purified.
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com plete m edium . Dead cells and debris were rem oved by density gradient
centrifugation. Resulting cells were routinely 98% pure and viable (CDSa^, V P 5 \
CD62L’°, T0-PR03-negative; data not shown).

2.5.2 Lysis of Red Blood Cells
Single-cell suspensions of splenocytes were centrifuged in conical 50 ml
polypropylene tubes and the supernatant discarded. The pellets were gently but
swiftly resuspended in 3 ml of chilled red blood-cell lysis buffer by multiple pipetting.
Immediately after total resuspension of the cell pellet, the red blood-cell lysis buffer
was diluted by filling up the tube with chilled PBS. Tubes were then centrifuged, the
supernatant discarded and the cells washed once more in PBS. After this procedure,
cell viability was routinely checked by trypan blue exclusion.

2.5.3 Paraformaldehyde Fixation & Glycin Quenching
Cells were washed once in PBS and then suspended in a small volume of PBS at
room temperature. An equal volum e of paraformaldehyde stock solution was added
and mixed gently. After a 10 minute incubation at room temperature the cells were
washed twice with PBS. The fixed cells were then resuspended in a small volume of
PBS, mixed w ith an equal volum e of 0.2 M glycine in PBS and incubated for 30
minutes at room temperature. Finally cells were washed 3 x with PBS and kept on ice
until further use. Paraformaldehyde stock solution: 2% paraformaldehyde (w /v ) in
PBS, pH 7.2, sterile filtered. Glycine stock solution: 0.2 M glycin in PBS, sterile filtered.

2.5.4 M itomycin C Treatment
Cells were resuspended in complete m edium at ~ 3 x 10^ cell/m l. 50 pi of
m itom ycin C stock solution was added, the cell suspension gently mixed and
incubated at 37°C for 30 minutes. Mitomycin C-treated cells were washed at least four
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times with PBS before being used in assays. Mitomycin C stock solution: mitomycin C
(Sigma) dissolved in tissue-culture grade HjO at 1 m g/m l, sterile filtered.

2.5.5 y-Irradiation
Where indicated, cells were y-irradiated with a single dose of 20 Gy (at ~ 5
G y/m in) using a ^^^Cs source (IBL 637; CISbio International, Gif-sur-Yvette, France).

2.5.6 Sandwich Cytokine ELISA
ELISA plates (Maxisorp, Nunc) were coated by pipetting 50 pi of the relevant
capture antibody diluted in ELISA coating buffer to each w ell. All subsequent
incubation steps were done in humidified chambers. Plates were incubated overnight
at 4°C and washed 3 x with ELISA washing buffer. The protein-binding capacity of the
antibody-coated plates was blocked by adding 200 pi of ELISA blocking buffer and
subsequent incubation for two hours at room temperature. After three washes, 100 pi
sample solution or the relevant cytokine standards (diluted in ELISA blocking buffer)
were added into the emptied wells and plates incubated overnight at 4°C. Plates were
washed 6 x and 100 pi of the relevant biotinylated detection antibody diluted in ELISA
blocking buffer added. After a one hour incubation at room temperature, plates were
w ahed 6 x. 100 pi of ExtrAvidin®-alkaline phosphatese (Sigma) diluted 1:5000 in
ELISA blocking buffer w as added and plates incubated for one hour at room
temperature. Plates were washed 6 x with ELISA washing buffer and 2 x with distilled
water. Alkaline phosphatase substrate pNPP (Sigma FAST tablets; Sigma) was
prepared according to the manufacturer's instructions. 100 pi substrate solution was
added to plates and incubated at room temperature for 30 minutes in the dark. Light
absorbance at 405 nm was measured using a microplate reader (THERMOmax;
Molecular Devices, W okingham, UK). Cytokine concentration was calculated by
extrapolation from absorbance readings of standard samples.
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The fo llo w in g antibody pairs w ere u sed

(capture, detection), at the

concentrations recommended by the manufacturer: JES6-1A12, JES6-5H4 (biotinylated)
for IL-2; R4-6A2, XMG1.2 (biotinylated) for IFNy; C15.6, C17.8 (biotinylated) for IL12p40; 9A5, C17.8 (biotinylated) for IL-12p70; JES5-2A5, SXC-1 (biotinylated) for IL-10.

2.5.7 Antibody Staining and Flow Cytometry
For flow cytometry, cell suspensions were w ashed once in PBS/EDTA and
stained in ice cold FACS buffer for 30 minutes. This procedure was repeated when
secondary reagents were used (fluorescently-labelled streptavidin). When no AFCconjugated reagents were used for stainings, T 0-PR 03 was added to the samples to a
final concentration of 50 nM (for liv e /d e a d discrimination), im m ediately before
acquisition. Data were collected on a FACS Calibur cytometer (Becton Dickinson,
Mountain View, CA) and analysed using Flowjo software (Treestar, San Carlos, CA,
USA) excluding T 0-PR 03 positive cells (if applicable) and gating on an appropriate
scatter profile.

2.5.8 Measurement of pOVA/K’’ on RMA and RMA-S Cells
5

X

10^ RMA or RMA-S cells were incubated for 1 hour with serial dilutions of

pOVA in complete medium at 37° C, and then washed extensively in PBS. Aliquots of
10^ cells were then preincubated on ice in FACS buffer w ith anti-FcyR III/II and
stained w ith biotinylated 25-D l or anti-H-2K^ follow ed by PE-streptavidin. Stained
cells were analysed by flow cytometry. Median fluorescent intensities (MFI) for 25-Dl
staining were determined and normalised by subtracting the MFI of unpulsed cells
(plus 1 to allow plotting of the data on a logarithmic scale). Further aliquots of 10^ cells
were resuspended in complete medium and used as APC.
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2.5.9 In V itro T-Cell Activation Assays (primary cells)
For measuring cytokine secretion and proliferation of naïve OT-I or Jax5 T cells,
10^ y-irradiated (20 Gy) RMA or RMA-S cells pulsed with pOVA as described above
were cocultured with 5 x 10^ T cells in round-bottom 96-w ell plates in triplicate in 200
pi complete medium. Alternatively, 5 x 10^ purified naïve T cells were cocultured with
lO'^ fresh or conditioned DCs (y-irradiated or paraformaldehyde-fixed) with graded
doses of the relevant peptides. In some cases the number of DCs per w ell was titrated
rather than the antigen (alloresponses, anti-HY responses). Where indicated, blocking
antibodies (tissue culture-grade) or the relevant isotype controls were added to the
cultures at saturating concentrations. After 48 hours of culture, 100 pi supernatant was
removed and assayed for the indicated cytokines using standard ELISAs and replaced
with 100 pi of fresh prewarmed medium containing 1 pCi ^H-thymidine (Amersham,
Little Chalfont, UK). T-cell proliferation was assessed after a further 14 hours of
culture by m easuring ^H-thymidine uptake using a scintillation counter (1205
BETAPLATE, Wallac, Turku, Finland).

For measurement of early markers for TCR engagement, aliquots of 10^ pOVApulsed RMA or RMA-S cells were mixed with 10^ naïve or antigen-experienced OT-I T
cells in 2 ml complete medium and briefly spun in conical tubes to ensure close cell
contact. After 2 hours of coculture at 37° C, cells were harvested and stained for FACS
analysis w ith antibodies against VpS, CD69 and CDSa. MFI for VpS and CD69 were
determined after gating on CDSa^ T cells and excluding TO-PR03-positive cells.

2.5.10 Measurement of B3Z T-Cell Hybridoma Activation
10^ y-irradiated RMA or RMA-S cells pulsed with pOVA as described above were
cocultured in round bottom 96-well plates with 5 x 10^ B3Z T-cell hybridomas in
triplicate w ells containing 200 pi complete medium. After 24 hours, plates were
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centrifuged and culture supernatants aliquots assayed for IL-2 by a standard sandwich
ELISA. In addition, NF-KB-dependent enzymatic lacZ activity was measured in a
colourimetric assay. To this end, the remaining supernatants were discarded, cell
pellets resuspendend in 200 pi PBS and plate centrifuged again. Cell pellets were
resuspended in 100 pi ONPG solution, and the plates incubated at 37°C. After four
hours, the light absorbance at 405 nm was measured using a microplate reader
(THERMOmax; Molecular Devices, W okingham, UK). ONPG solution: 5 mM oNitrophenyl p-D-galactopyranoside and 5% (v /v ) Igepal nonionic detergent in PBS.

2.5.11 Measurement of CTL Activity Induced by RMA and RMA-S Cells
5

X

10^ RMA or RMA-S cells were incubated for 1 hour with or without 1 nM

pOVA in com plete m edium at 37° C, m itom ycin C treated and then washed
extensively in PBS/EDTA. Aliquots of 10^ prepulsed RMA or RMA-S cells were then
cocultured with 4 x 10^ OT-I T cells in 2 ml complete m edium supplemented with 3%
T-Stim (Becton Dickinson, Bedford, MA) per w ell in 24-well plate for 5 days to
generate effector CD8^ T cells. CTL activity was measured in a standard ^^Cr-release
assay. To this end, target cells were prepared by pulsing RMA cells simultaneously
with 1 nM pOVA and Naz^^CrO^ (Amersham, Little Chalfont, UK) in 1 ml complete
medium (final activity 0.3 m C i/m l) for 3 hours at 37°C on a shaker (peptide pulse &
^^Cr labelling). After extensive and gentle washes, target cell density was adjusted to
10^ cells/m l. Effector CD8^ T cell were gently resuspended, w ashed and adjusted
between samples for live cell numbers (trypan blue exclusion). Three-fold serial
dilutions of effector cells were prepared in a volume of 100 pi in round-bottom 96-well
plates. 100 pi of target cell suspension (= 10^ target cells) was added to all wells and
gently mixed with effectors by pipetting. Plates were briefly centrifuged at low speed
to initiate effector-target contact and incubated for 5 hours at 37°C. 70 pi aliquots of

81

Chapter 2

Materials & Methods

supernatant were carefully rem oved from cocultures and radioactivity measured
using a y-counter (Cobra II; Packard, Pangboume, Berks, UK).

Maximal release was determined from samples where 100 pi 2N HCl was added
to 100 pi target cell suspension. Spontaneous release samples were prepared by
culturing 100 pi target cell suspension with an equal volum e of m edium during the
assay. Percent specific lysis was calculated according to the formula below.

, .
experimental release - spontaneous release
% specific lysis = — -----------------------------------------------------100
maximal release - spontaneous release

2.5.12 In V ivo T-Cell Activation Assays
Purified T cell were suspended in prewarmed, serum-free m edium and mixed
with equal volum e of medium containing 2 pM CFSE (Molecular Probes, Europe BV,
Leiden, The Netherlands). After an incubation at 37°C for 15 m inutes cells were
washed 3 x in PBS and then kept on ice before further use. 2 x 10^ purified, CFSElabelled T cells were then suspended in 200 pi PBS and injected intravenously (tail
vein) into naïve w ild-type or chimeric mice. In experiments including two T-cell
populations, 10^ addional purified T cells (unlabelled, specific for a different antigen)
were injected in the same inocculum. The following day, the mice were immunised
with the relevant peptide(s) an d /or microbial stimuli at the indicated doses. Three
days later, spleens were removed, single cell suspensions made, and the cells stained
w ith the appropriate antibodies. Before FACS analysis, red blood cells in the
splenocyte suspension were lysed using red blood cell lysis buffer. T-cell activation
(proliferation) was then assessed by analysing the CFSE-profile of transferred TCRtransgenic cells, by gating using the markers indicated in the figure legends.
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2.5.13 Adoptive Transfer of T Cells for In V ivo DC M odulation
For som e in vivo experim ents addressing m odulation of the DC surface
phenotype by activated T cells, or similarly, induction of DC IL-12p70 production by T
cells, 10^ purified T cells (not labelled with CFSE) were adoptively transferred to naïve
MHC-matched mice or chimeric host one day before immunisation with the indicated
antigens and/or stimuli (as detailed above).

2.5.14 DC Cultures for Cytokine Assays, Surface Marker Stainings, and
Conditioning
For in vitro stimulation and measurement of cytokines, MACS-enriched total
splenic DC or FACS-sorted DCs^^ (5 x 1O'*/well) were cultured in 96-w ell flat bottom
plates alone or with an equal number of purified TCR-trangenic T cells and graded
doses of the relevant peptides. Cultures were incubated in a total volum e of 200 pi of
complete medium in the presence or absence of different microbial stimuli. Culture
supernatants were collected tw elve to eigtheen hours later and assayed for the
presence of cytokines by sandwich ELISA. For the measurement of surface marker
regulation, a similar protocol was used. However, cultures were upgraded to 24-well
plates. Accordingly, 5 x 10^ DCs were cocultured with equal numbers of T cells and
the indicated peptides and stimuli in a total volume of 2 ml complete medium. These
culture conditions were also used for conditioning of DCs, where the cells cultured
overnight had to be recovered and used in T-cell stimulation assays. Furthermore,
similar conditions were also used in "transwell" assays. There, two doses of 5 x 10^
DCs were cultured with 5 x 10^ purified T cells. One dose of DCs mixed with the T
cells was seeded in the bottom w ell (normal 24-well plate) in 1 ml of medium, and
then the second dose was added in another one ml of m edium to the "transwell"
(Falcon cell culture insert; Becton Dickinson). In experiments where more than one
FACS-sorted splenic DC subsets, where applicable.
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dose of DCs was present per well (e.g. DCs in transwell, MHC-mismatched bystander
DCs), the number of T cells was not adjusted accordingly, but was rather kept equal to
one dose of DCs. Supernatants from DC cultures in 24 w ell plates (and transwell
assays) were assayed for cytokines as above. Cells recovered from overnight cultures
were analysed for surface marker expression according to the FACS protocol.

2.5.15 Generation of Chimeric Mice (Mixed Bone-Marrow Chimeras)
Four week-old host mice were kept on acidified drinking water (0.1 ml conc. HCl
in 840 ml water, sterile filtered) one week before until two weeks after irradiation and
reconstitution. Naïve wild-type BIO.BR mice were y-irradiated w ith two doses of 5.5
Gy (1.24 G y/m in ) separated by 3 hours, using a ^^^Cs source (IBL 637; CISbio
International, Gif-sur-Yvette, France). One hour after the second irradiation the mice
were reconstituted by injection with bone marrow cells (T cell-depleted). The bone
marrow graft consisted of 1 x 10^ cells isolated from w ild-type BIO.BR mice mixed
with an equal number of cells derived from either BALB/c, IL-12'"^'-BALB/c, or
Fl(BALB/c

X

BIO.BR) donors (total 2

x

10^ cells). The health status of host mice was

closely monitored after irradiation and reconstitution. Six weeks after reconstitution
mice were tested for chimerism. Mice were only used in experiments if FACS analysis
of blood leukocytes showed cells of both host (H-2^^) and donor (H-2^^) origin at a
ratio close to 1:1.

2.5.16 Assessm ent of Peptide Binding to H-2K^ ("K^ Stabilisation Assay")
Culture of Tap-deficient cells at low temperatures leads to the accumulation of
empty MHC class I molecules on their surface (61). This feature can be employed to
study whether an exogenously offered peptide species can bind to the class I
molecules in question, as measured by the peptide's ability to restore surface class I
expression. Therefore, RMA-S cells were cultured at 26°C in the presence of graded
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doses of potential H-2K'^-binding peptides. After 24 hours of culture, cells were
washed to remove excess peptide and cultured for another hour at 37°C. H-2K^ surface
expression was then assessed by staining of live cells with an anti-H-2K’^ antibody for
FACS analysis.

2.5.17 pOVA/K*’ D issociation Assays
FACS-based m ethod: Purified OT-I T cells were stained w ith FE-pOVA/K*^
tetramers and FlTC-conjugated anti-CD8a, and w ashed as for a normal antibody
staining prior to FACS analysis. Cells were then suspended in 300 pi FACS buffer.
Immediately before data acquisition, an equal volum e of Y3 hybridoma (anti-K^)
supernatant and T 0-PR 03 (to a final concentration of 50 nM) were added to the cell
suspension and mixed gently. Data was acquired for ~ 25 min. according to the usual
FACS protocol. Data was then analysed by gating on live, T0-PR 03-negative CD8a^
cells. MFI values for staining with PE-pOVA/K^ were then plotted over time.
Microscopy-based m ethod: Pooled lymph node and spleen cells from Jax5 (or
OT-I) mice were APC-depleted and enriched for CD8a by MACS. Cells were then
stained as above (unconjugated anti-CD8a, clone YTS169) and FACS-sorted for live,
pgbright (.gpg

pOVA/ K^-specific Jax5 cells). Sorted cells were then resuspended in 1.5

ml phenol red-free m edium and transferred into poly-L-lysine-coated glass-bottom
microwell dishes (MatTek, Ashland, MA). Cells were allowed to settle for 30 minutes
at 37°C before imaging on a Zeiss Axiovert 135 TV microscope (Carl Zeiss, W elwyn
Garden City, UK). Images were acquired every 15 seconds in two separate channels
(phase contrast and PE-fluorescence) using an Orca ER CCD camera (Hammamatsu
Photonics UK, Enfield, UK) in conjunction with motorised excitation and emission
filter w heels (Sutter Instruments, N ovato, CA). Im mediately before starting data
acquisition, 1.5 ml Y3 supernatant was added to the cultures. Image acquisition was
controlled using Acquisition Manager (Kinetic Imaging, Wirral, UK). The microscope
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sample stage was housed in a perspex chamber to accurately maintain normal tissue
culture conditions. Data was analysed using built-in features of the Acquisition
Manager software. MFI values from individual cells (defined as areas of interest on
corresponding phase-contrast images) were then plotted over time.

2.5.18 RNA Isolation & cDNA Synthesis
Total RNA of 2 x 10^ FACS-sorted DCs was isolated using the RNeasy Mini Kit
(QIAGEN, Crawley, UK) according to the manufacturer's instructions. Residual
genomic DNA was digested using RNase-free D N ase I (QIAGEN) and samples
diluted to a final volume of 50 pi.

cDNA was synthesised using GibcoBRL reagents (Invitrogen, CA, USA).
Aliquots of 22 pi total RNA solution were mixed in RNase-free Eppendorf tubes with
2 pi oligo(dT) 1 2 - 1 8 (0.5 m g/m l) and denatured by incubation at 70°C for 10 minutes, and
then chilled for 1 minute on ice. 14 pi of first strand reaction mix were added, mixed
briefly and incubated for 5 minutes at 42°C. Then, 2 pi reverse transcriptase were
added and mixed with the reaction mix by m ultiple pipetting, and the samples
incubated for one hour at 42°C. The reverse transcription reaction was terminated by
incubating the samples for 15 minutes at 70°C. After chilling the reaction mix for 1
minute on ice, RNA strands from RNA-DNA hybrids was digested by adding 2 pi of
RNase H (2 U /p l) and incubating for 30 minutes at 37°C. cDNA samples were now
ready for use in quantitative PCR assays and stored at -70°C. First strand reaction mix:
4 pi lOx PCR buffer (0.2 M Tris-HCl, 0.5 M KCl, pH 8.4), 4 pi MgClz, 25 mM; 2 pi dNTP
mix, 10 mM; 4 pi DTT, 0.1 M. Reverse transcriptase: Superscript^^ II RNase H reverse
transcriptase, 200 U /p i.
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2.5.19 Quantitative PCR
For relative quantitation of IL-12p35 and IL-12p40 mRNA, amplification of
sample cDNA was monitored w ith the fluorescent D N A -binding dye FAM in
com bination w ith ABI PRISM 7700 detection system (PE A pplied Biosystem s,
Warrington), according to the manufacturer's instructions. IL-12p40- and IL-12p35specific primers (sequences not public) were purchased as pre-developed TaqMan®
assay reagents (PE Biosystems). Specific message levels were normalised to GAPDH as
recommended by the manufacturer (PE Applied Biosystems).

All other procedures and experiments were done according to the detailed
descriptions in the text and figure legends, using combinations of methods described
above or commonly used standard techniques and materials.
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Chapter 3: EFFECT OF SELF ON THE
RESPONSE TO FOREIGN
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3.1

Effect of Self on the Response to Foreign

IN TRO DUC TIO N
Recognition of self MHC m olecules loaded w ith self peptides ("self") is an

important feature of T cell biology. During a T cell's life, it first takes place during its
development and maturation in the thymus, where it is the most critical determinant
in negative and positive selection of developing thymocytes (267).
Self Peptide/MHC Recognition in the Thymus A large fraction of thymocytes react

too strongly with self, i.e. self is agonistic for their TCR, and are subsequently deleted
by activation induced cell death (negative selection). In contrast, the majority of
thymocytes express TCRs with no measurable selfreactivity, have a short half-life, and
die by neglect. To be rescued from programmed cell death the developing T cells have
to interact with self peptide/M H C complexes with a weak affinity and then signal in
order to survive (positive selection). Thus, the presented peptides can be ordered in
three categories for thymic selection of a given TCR: high-affinity, deleting ligands;
low-affinity, positively selecting ligands; and functional null ligands whose affinity for
the TCR is too low to measure (277). Other studies have show n that different
concentrations of the same peptide can induce positive and negative selection (384,
385), possibly explaining why the overall avidity of the T cell rather than the affinity of
the TCR for the peptide/M H C complex is the crucial determinant for the outcome of
thymic selection (386). Importantly, positive selection occurs in a peptide-specific
manner (387-389), as originally proposed by M atzinger (390). This stringent
requirement for peptide/M H C recognition in positive thymic selection w as also
demonstrated for OT-I T cells, the lymphocytes used in this present study. In support
of a m odel where the nature of the peptide/M H C complexes is crucial for positive
selection, it w as show n that thym ocyte developm ent occurring on a single
peptide/M HC complex species is yielding a peripheral T cell repertoire that, although
not entirely monoclonal, is significantly less diverse than under normal circumstances
(391-393). The interaction of the TCR with peptide/M H C complexes during positive
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selection therefore seems to be both specific and degenerate, as it is the case for mature
T cells sensing foreign antigen in the periphery. The processes of positive and negative
selection leave a repertoire of T cells to mature and populate the periphery that on the
one hand is weakly self peptide/M HC-reactive, but on the other hand is virtually free
of T cells that becom e fully activated upon encounter w ith self peptide/M H C
complexes. Therefore, any given TCR found on peripheral cells has sufficient affinity
for endogenous peptide/M H C complexes to signal, albeit this does not lead to the
activation of the T cell.

Peptide/M HC Recognition in the Periphery Positive selection of thymocytes is not

driven by a single "hit" of the TCR with peptide/M H C com plexes of appropriate
affinity for the TCR, but rather requires the sustained engagement of the TCR for the
rescue from programmed cell death (394, 395). It has become increasingly clear in
recent years that such self recognition, i.e. sensing of self peptides presented on self
MHC molecules, continues to take place in the periphery for mature T cells that
survive the selection process in the thymus. On the one hand this is an obvious
finding, since the core TCR is not being altered after thymic selection and therefore has
a fixed specificity. Thus, it is very likely that the mature T cell w ill encounter its
selecting ligand(s) in the periphery and w ill recognise it/them . On the other hand,
peripheral T cells do not show any signs of activation in naïve hosts without
stimulation by a foreign agonistic peptide. However, there is experimental evidence
that subthreshold activation of T cell occurs and in fact is necessary for T cell
maintenance (396-398). For example, murine CD4^ T cells analysed ex vivo show
constitutive phosphorylation of the TCR Çchain (399, 400) and this is lost if MHC class
II expression is abrogated experimentally (401) or if the cells are transferred to MHC
class Il-deficient mice (402). Interestingly, this steady state phosphorylation of the TCR
Ç chain is not only dependent on interaction with MHC class II molecules but is also
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peptide specific (402), similar to positive selection in the thymus. However, self
recognition by mature T cells does not have the same effect as recognition of foreign
ligand. While stimulation by a foreign peptide can result in T cell clonal expansion and
acquisition of effector activity, this does not happen in response to self recognition
except in unusual situations such as lymphopenia (403-410). However, though T cells
proliferate in a lymphopénie host and sometimes undergo conversion from a naïve to
an activated phenotype (408-411), they do not "spontaneously" acquire effector
functions, with the exception of some CDB^ T cells (404). In some studies, naïve T cells
transferred into MHC-deficient mice were lost over time, suggesting that "tickling" of
the TCR by self peptides is critical for T cell survival in the periphery (398, 401, 412416). DCs could play a crucial role in this process (218). The small Ca^^ response they
elicit in T cells in the absence of nominal antigen was postulated to lead to a minute
activation of the T cells that contributes to their survival (417). Loss of T cells has not
been observed in all studies how ever (402, 418), and the full significance of self
recognition for T cell survival remains to be determined. In addition to possible effects
on survival, self recognition can also regulate the functional responsiveness of
peripheral T cells (419, 420). H ow ever, the nature of the peptides m ediating
homeostasis, survival, and sensory adaptation is a matter of debate (405-407,421).

The ability of self ligands to trigger the TCR without eliciting the full range of
responses induced by foreign peptides is reminiscent of the properties of partial
agonists (299, 301). Partial agonists have been identified experimentally as altered
peptide or MHC molecules that are able to trigger the TCR of a given T cell but can
only elicit a restricted range of downstream responses, independently of the number
of receptors they engage (422) (see Altered Peptide Ligands). Analysis of TCR signalling
in response to partial agonists in T cell clones has show n that it often involves
incomplete tyrosine phosphorylation of critical components of the TCR complex such
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as the Ç chain and ZAP-70 (302, 303, 305). In addition to any effects that they may have
on their own, many partial agonists can also influence the response to agonists when
copresented by the same APC (300). This is because partial agonists may compete for
TCR engagem ent or recruit negative regulators of TCR signalling to the receptor
complex, effectively acting as antagonists and raising the threshold of agonist
concentration necessary for a productive response (423, 424). Conversely, some partial
agonists can act as "supra" agonists (425), enhancing the T cell response to agonists.

Thus, it seems possible that the repertoire of normal self peptides presented by
APC in the periphery could influence the response of a given T cell to a copresented
foreign agonist ligand, independently of any effects that self recognition may also have
by itself on T cell survival and /or functional competence. Here, I ask if the normal
repertoire of self peptides produced endogenously by an APC contains a sufficient
representation of potential ("supra") agonists or antagonists to effectively increase or
decrease the response to foreign antigen by a given T cell (Fig. 3.1).
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Figure 3.1 Potential influence o f se lf on the response to foreign
The repertoire of self peptides might influence the sensitivity of the T-cell response to
foreign peptides (dose response shift) and/or its am plitude (upper and lower panel,
respectively). The presence (dashed lines) of irrelevant self peptide/MHC complexes could
increase or decrease the sensitivity and/or magnitude of a T cell response to a foreign
peptide, when compared to recognition of the same antigen in the absence of self (solid
line), where only foreign peptides are presented.
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I compare the response of various pOVA-specific MHC class I-restricted T cells
to AFC presenting a known amount of foreign agonist peptide but varying in the
number of MHC class I molecules loaded with self peptides. I report that the presence
of self peptide-loaded MHC molecules fails to influence the response of all tested
MHC class I-restricted T cells to agonist ligand (426). My results suggest that, at least
for the T cells tested here, the repertoire of self peptides in the periphery acts as a
neutral component in responses to foreign antigen.
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RESULTS

3.2.1 Measuring pOVA/K*’ Complexes on Peptide-Loaded

and TAP"^“ APC

To design a system in which to test the influence of self peptide presentation in
the T cell response to foreign antigen, I compared the activation of MHC class Irestricted T cells by APCs sufficient or deficient in TAP. TAP-deficient cells fail to load
MHC class I molecules in the ER and express low levels of MHC class I at the cell
surface w ith only a lim ited repertoire of self peptides (55, 57). In contrast, TAPsufficient cells express normal levels of MHC class I loaded with a normal repertoire of
self peptides. Both cell types can be loaded with exogenous synthetic peptide such that
they can be manipulated to present equivalent amounts of foreign antigen. However,
this foreign peptide w ill be presented in the context of differing levels of self
peptide/M H C complexes depending on TAP availability (Fig. 3.2 A). I used RMA
(TAP^) and RMA-S (TAP") cells as APC and loaded them w ith the H-2K*’-binding^^
pOVA peptide derived from ovalbumin (amino acids 257-264, SIINFEKL) (Fig. 3.2 A).
These two very well characterised cell lines are easily propagated in culture and can be
made available at a constant and hom ogeneous quality in sufficient numbers (382).
That makes them more convenient for the experiments described below than for
example primary cells isolated from Tap-sufficient and Tap-deficient animals.

I chose the pOVA antigen because of the availability of the 25-D l monoclonal
antibody (mAb) that specifically recognises pOVA/K^ complexes and can be used to
measure the amount of such complexes on the surface of either cell type (427). As can
be seen in figure 3.2 B, incubation of either RMA or RMA-S for one hour in the
presence of increasing concentrations of pOVA peptide resulted in increasing levels of
staining with 25-Dl. In contrast, the level of staining with a mAb recognising total H-

H-2K*^ and

are used interchangeable throughout the text.
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K^ was not substantially altered except at the highest peptide concentrations.

Corresponding isotype controls were negative for all samples (data not shown). As
reported (427), the total number of pOVA/K^ complexes formed at any given peptide
dose was higher for RMA cells than for RMA-S despite the presence of a greater
frequency of "empty" H2-K^ molecules on the surface of the latter (55). Analysis of
m edian fluorescence values (MFI) confirmed that 25-D l staining increased in a
peptide-dose-dependent fashion for both RMA and RMA-S w hile total H-2K^ levels
remained largely unchanged (Fig. 3.2 C). The ratio of 25-Dl/H-2K*^ staining was
markedly different between RMA and RMA-S, reflecting the relative absence of self
peptide-loaded H-2K’^molecules from the latter (Fig. 3.2 C). Thus, using 25-Dl I could
assess the amount of pOVA-loaded complexes on TAP-sufficient cells presenting a
large number of self peptide/M H C class I com plexes versus TAP-deficient cells
presenting very few such complexes. These cells expressing the same "absolute
number" but different "frequency" of pOVA/K^ complexes were subsequently used
as APCs to stimulate pOVA-specific T cells and to determine the effect of self-peptide
presentation on responses to foreign antigen.
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Figure 3.2 Measuring pOVA/K^ complexes on RMA and RMA-S cells
A. RM A-S cells express low levels, w hereas RMA cells express norm al levels of MHC
class I at the cell surface. Most MHC class I m olecules on RMA-S cells can be loaded with
exogenous pOVA whereas this is only true for a fraction of MHC class I m olecules on RMA
cells. B and 0 . RMA and RM A-S cells w ere incubated with increasing doses of pOVA,
washed and stained with 25-D1 or anti-H-2K^. Data gated on live, T 0 -P R 0 3 -n e g a tiv e cells
of an appropriate scatter profile are shown. B. Staining with 25-D1 (upper panel) increases
in a pO V A -dose dependent m anner on both RMA and RM A-S cells (solid and dashed
lines, respectively), w hereas staining for H-2K^ (lower panel) remains alm ost unaffected by
the d ose o f o ffe re d pO V A on RMA but not R M A -S cells. T he h istog ra m s shown
correspond to cells pulsed with 0, 0.04 or 2 nM pOVA. C. Median fluorescence intensities
(MFI) of staining for 25-D1 (top panel) and anti-H-2K^ (m iddle panel) are plotted against
the dose of pOVA used fo r pulsing. The bottom panel shows the ratio of MFI of 25-01 to
H-2K^ plotted against the dose of offered pOVA (RMA: closed circles, solid lines; RMA-S:
open circles, dashed lines).

(see figure 3.2 on following page)
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Figure 3.2 (figure legend on previous page)
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3.2.2 Self Peptides Presented by RMA Cells Do Not Affect the Response of a
pOVA-Specific T Cell Hybridoma
For each of the subsequent experiments, a standard protocol was followed. RMA
and RMA-S cells were pulsed for a fixed length of time with varying concentrations of
pOVA peptide. After extensive washing, half of the cells were used as APCs to
stim ulate T cells w hile the remainder was stained w ith 25-D l. Stained cells were
analysed by flow cytometry and their median 25-D l fluorescence was determined.
Then, the results of the T cell stimulation assay were plotted as a function of 25-Dl
fluorescence (representing actual pOVA/K^ com plexes), as opposed to the more
conventional way of plotting the data as a function of the concentration of peptide
offered to the AFC. Using this analysis method, one can be certain that both RMA and
RMA-S present, by definition, exactly the same number of pOVA/K^ complexes at any
point along the x-axis. Yet, because of their difference in TAP expression, the two
APCs vary markedly in presentation of self peptide-loaded MHC class 1 molecules.
A ny difference m the dose response curves between the two APCs w ill therefore be
indicative of an effect of TAP on the T cell response and, by inference, of self peptide
presentation. Conversely, superimposition of the dose response curves to stimulation
w ith RMA and RMA-S w ill be indicative of the fact that the difference in self-peptide
repertoire does not affect the T cell response (see figure 3.1 for possible outcomes). The
response of the B3Z T-cell hybridoma specific for pOVA/K^ (383) matched the latter
possibility. The response was found not to vary substantially betw een RMA and
RMA-S across a 100-fold range of 25-Dl median fluorescence (Fig. 3.3). This was true
whether IL-2 secretion was used as a readout (Fig. 3.3 A) or whether an alternative
parameter was measured such as induction of the NF-AT-dependent lac Z transgene
expressed by these hybridoma cells (383) (Fig 3.3 B). Thus, the repertoire of self
peptides presented by RMA cells did not affect the response of B3Z in either a positive
or a negative manner.
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Figure 3.3 Copresentation o f se lf peptide/M HC complexes does not affect the response of
a T-cell hybridoma
B3Z cells were cocultured overnight with irradiated RMA or RMA-S cells prepulsed with
pOVA as in figure 3.2. A. IL-2 in the supernatant was measured by sandwich ELISA. B.
NF-AT-dependent lac Z activity of B3Z hybridomas was measured using a colorim etric
assay as detailed in Materials and Methods. A. and B. Error bars indicate one SD from the
mean of trip lica te cultures. Results are representative of at least five independent
experiments (RMA: closed circles, solid lines; RMA-S: open circles, dashed lines).
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3.2.3 Self Peptides Presented by RMA Cells Do N ot Affect the Proliferative
Response of Monoclonal pOVA-Specific Naïve T Cells
T cell hybridomas may not be representative of normal peripheral T cells and
therefore it w as important to assess the effect of self-peptide presentation on the
response of other types of T cells. I used naïve T cells specific for pOVA/K^ taken from
OT-I transgenic mice (374), which had been bred onto a RAG-1'^" backgrounds^ to
exclude dual-TCR-bearing T cells (428). OT-I T cells purified from the lymph nodes
and spleens of such mice were stimulated as above w ith RMA or RMA-S cells
presenting different amounts of pOVA/K^. As show n in figure 3.4 A, there was very
little difference in the ability of RMA and RMA-S cells to serve as stimulators for OT-I
proliferation. However, because OT-I proliferation can occur at pOVA doses below the
minimum required to give measurable 25-D l staining (data not shown), the dose
responses show ed an abrupt transition that could have masked putative differences
between RMA and RMA-S (Fig. 3.4 A). Therefore, I also measured a less sensitive
parameter of OT-I stimulation, IL-2 production (Fig. 3.4 B). As for proliferation, similar
IL-2 dose-response curves were obtained independently of whether RMA or RMA-S
were used as APCs (Fig. 3.4 B). I conclude that the self-peptide repertoire of RMA cells
does not affect the proliferative or cytokine response of naive OT-I T cells.

OT-I X RAGl'/': hereafter OT-I

102

Effect of Self on the Response to Foreign

Chapter 3

A.

300
250

200

o

X 150
100

B.

5

4

3

OÎ
c

2

0

1000

100

MFI 25-D1
RMA

— Q --

RMA-S

Figure 3.4 Copresentation o f self peptide/MHC complexes does not affect the response o f
naïve OT-I T cells
Naïve CD8^ OT-I T cells were cocultured for 48 h with irradiated RMA or RMA-S cells pre
pulsed with pOVA as in figure 3.2. A. Proliferation was assessed by m easuring ^Hthymidine incorporation. B. IL-2 in the supernatant was measured by sandwich ELISA. A.
and B. Error bars indicate one SD from the mean of triplicate cultures. Results are
representative of at least five independent experim ents (RMA: closed circles, solid lines;
RMA-S: open circles, dashed lines).
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3.2.4 Self Peptides Presented by RMA Cells Do Not Affect the Proliferative
Response of Polyclonal pOVA-Specific Naïve T Cells
T cells bearing TCRs of different affinities for a given foreign agonist might have
different sensitivities to the self-peptide repertoire displayed by APC. To examine if
the results obtained with OT-I cells were representative of other naïve T cells specific
for p O V A /K \ I performed similar experiments with populations of naïve T cells from
mice transgenic for the (3 chain of the OT-I TCR but expressing endogenous a chains
(hereafter: Jax5). Consistent with what has been seen in similar strains (429), the T-cell
repertoire in these mice is polyclonal but biased towards pOVA/K*^ recognition as
determined by the fact that nearly 1% of the splenic CD 8 ^ T cells in such mice stain
with pOVA/K^ tetramers as compared to <0.1% in wild type C57BL/6 animal (Fig. 3.5
A), allowing primary responses to pOVA to be measured in vitro. Furthermore, the
significantly less intense and more heterogeneous tetramer staining of pOVA/K^specific cells from }ax5 mice as compared to the corresponding cells from OT-I mice
(MFI 120 and 377, respectively; CV 52.1 and 24.1, respectively) suggests a lower overall
avidity of this population as well as a wider range of affinities for pOVA/K^ (Fig. 3.5
B).
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Figure 3.5 Polyclonal CD8^ T cells from Jax5 mice bear TCRs o f a different affinities for

P0V4//C
A. Naïve, MACS-enriched CD8+ T cells prepared from lymph nodes and spleen of JaxS
mice were stained with pOVA/K*' tetramers and anti-CD8 for analysis by flow cytometry.
Live, T 0 -P R 0 3 -n e g a tive cells with an appropriate lymphocyte scatter profile are shown.
Numbers refer to percentage of total live lymphocytes population within the polygon gate.
B. Overlay of pOVA/K^ tetram er histograms of cells falling into polygon gate shown in A
from Jax5 (dashed line) OT-I (solid line) mice.
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W hen used in a similar assay as the monoclonal OT-I cells, these polyclonal
OVA-specific T cells were again insensitive to the repertoire of self peptides presented
by RMA as they mounted equivalent cytokine responses following stimulation with
RMA and RMA-S presenting equal amounts of pOVA/K*^ (Fig. 3.6). I conclude that the
repertoire of self peptides presented by RMA cells has little influence on the
proliferative response of polyclonal naïve T cells recognising pOVA/K^ on those
APCs.

3.2.5 Self Peptides Presented by RMA Cells Do N ot Affect TCR D ownregulation or
CD69 Expression by pOVA-Specific Naïve T Cells
Although proliferative capacity and IL-2 production by T cells are a reflection of
TCR engagement, they are very downstream events that can be influenced by other
factors. If self-peptide recognition influences TCR engagem ent by foreign ligands
and/or TCR signalling in response to such ligands, it might be predicted to affect early
events in the T cell response to agonists even if this does not result in a demonstrable
dow nstream effect on proliferation or IL-2 production. Thus, to look at more
immediate consequences of the self peptide repertoire on TCR signalling in naïve OT-I
T cells, I exam ined upregulation of CD69, a very early activation marker, and
measured TCR downregulation as a direct indicator of TCR engagement (281). Again,
by either parameter, the self-peptide repertoire of RMA cells failed to influence the
response of naïve OT-I to pOVA/K^. The dose-responses to pOVA presentation by
RMA and RMA-S were superimposable across a w ide range of 25-D l staining (Fig.
3.7). Thus, self peptides in this system have a negligible effect on both early and late
responses to foreign ligand.
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Figure 3.6 Presence o f se lf peptide/M HC complexes does not affect the response o f naïve
Jax5 T cells
Naïve, MACS-enriched CD8+ T cells prepared from lymph nodes and spleen of Jax5 mice
were cocultured for 48 h with irradiated RMA and RMA-S cells prepulsed with pOVA as in
figure 3.2. IL-2 (upper panel) and IFNy (lower panel) accum ulation in supernatants was
m easured by sandwich ELISA. Error bars indicate one SD from the mean of triplicate
cultures. Results are representative of three independent experim ents (RMA: closed
circles, solid lines; RMA-S: open circles, dashed lines).
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Figure 3.7 Early markers o f T-cell activation are not affected by ccpresentaticn o f self
peptide/!\/lHC complexes fcrna'fve OT-I Tcells
Naïve OT-I T cells were cocultured with RMA or RMA-S cells prepulsed with pOVA as in
figure 3.2. Expression of CD69 (upper panel) and V(35 TCR (lower panel) was analysed
2 h later by flow cytom etry gating on CD8a^, TO -PRO 3-negative, live cells with the
appropriate lym phocyte scatter. Data indicate the percentage of cells expressing high
levels of CD69 or low TCR levels assessed using an a rbitrary gate. Results are
representative of at least five independent experim ents (RMA: closed circles, solid lines;
RMA-S: open circles, dashed lines).
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3.2.6 Insensitivity to the Self Peptide Repertoire Is Not Altered Following T Cell
Activation
Thym ocytes alter their sen sitivity to (partial) agonists during T cell
differentiation (430-432). Similarly, changes in T cell responses to agonist and partial
agonist ligands following activation have been noted (433-435), a possible explanation
for the phenom enon of "heterologous" T cell responses (436). This can be due to
changed overall avidity of the T cell to the antigen-bearing APC, or changes in the
intracellular signalling machinery such as the alteration in the molecular assembly of
the TCR complex resulting in altered thresholds or signalling efficiencies (431). It has
been argued that the ability of TCR to fully signal is inversely regulated by the level of
its expression (437). Others suggested that thymocytes maintain self-tolerance towards
positively selecting ligands by regulating coreceptor expression (438). Indeed, CD4
and CDS can also augm ent the efficiency of TCR triggering by weak agonists or
change partial into full agonists of mature T cells (308,310,311).
These observations suggested that the sensitivity of OT-I T cells to the self
peptide repertoire presented by RMA cells could depend on their activation status.
This could be of special significance for ligands that do not reach thresholds required
for signalling in naive cells, e.g. very weak agonists or "cryptic" agonists. Therefore, I
examined if "antigen-experienced" OT-I cells that had been previously stimulated by
agonist peptide responded differentially to pOVA presented by RMA and RMA-S
cells. OT-I cells were activated with pOVA and spleen APCs and rested for ten days.
At that time, they were examined for TCR downregulation and CD69 upregulation in
response to pOVA presentation by RMA versus RMA-S. However, as for naïve OT-I
cells examined in parallel (Fig. 3.7), antigen-experienced OT-I cells did not respond
differentially to the two APCs (Fig. 3.8). I conclude that the response of both naive and
antigen-experienced OT-I cells to agonist peptide is insensitive to the self-peptide
repertoire presented by RMA cells.
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Figure 3.8 Early markers of T-cell activation are not affected by copresentation of self
peptide/MHC complexes for antigen-experienced OT-I T cells
Antigen-experienced, rested OT-I T cells were cocultured with RMA or RMA-S cells
prepulsed with pOVA as in figure 3.2. Expression of CD69 (upper panel) and V(35 TCR
(lower panel) was analysed 2 h later by flow cytom etry gating on CD8a^, TO-PRO 3negative, live cells with the appropriate lymphocyte scatter. Data indicate the percentage
of cells expressing high levels of CD69 or low TCR levels assessed using an arbitrary
gate. Results are representative of at least five independent experim ents (RMA: closed
circles, solid lines; RMA-S: open circles, dashed lines).
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D ISC U SSIO N
All peripheral T cells have some affinity for self as they are selected in the

thymus on specific self peptide-loaded MHC molecules. It is unlikely that all of the
selecting peptides encountered by a developing T cell are expressed exclusively in the
thymus, as it is thought that gene expression in thymic epithelial cells mirrors the
peripheral self (439, 440). Thus, it is probable that at least some of these peptides will
be re-encountered by mature T cells in the periphery and act as TCR ligands. Indeed, it
has become clear that self recognition does take place in the periphery, even though it
is still debatable if this involves selecting or alternative peptides (405-407, 421). Self
recognition may serve to keep the peripheral T cells alive and it can also drive T cell
expansion in lymphopénie conditions (reviewed in (441)). In addition, self recognition
can m odulate T cell responsiveness to antigen, as demonstrated by the fact that
peripheral CD4^ or CD 8 ^ T cells are hyperresponsive to TCR stimulation in mice with
decreased levels of MHC expression (419, 420, 442, 443)^®, and conversely, that T cells
alter their responsiveness in situation with increased levels of MHC molecules (444).

Although sensory adaptation to peripheral self clearly affects subsequent T cell
responses to foreign antigen, it is less clear if sim ultaneous recognition of self and
foreign on the same APC can also affect the response of T cells to the foreign ligand.
There are several reasons for supposing that this might be the case. Self peptides could
contribute to responses against foreign simply by providing weak interactions with
the TCR that by themselves never reach the threshold for activation but which could
lower the threshold for activation in response to a foreign ligand of high affinity by

Trying to relate to some of the claims of Santori et al. that there is a dose effect of Tap-expression
(420), i.e. TAP"^'" cells have lower levels of surface MHC class I than TAP^^^ cells, I stained
splenocytes from TAP'^"^ and TAP"”^^ m ice and compared their MFI for K’’ and D^. Several
attempts failed to reproduce the proposed differences in expression levels of MHC class I
molecules, in fact, TAP "'^ cells had slightly higher levels of surface
and
than TAP"^^^ cells
(data not shown).
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"parallel summation" (445). Similarly, weak or altered signalling in response to self
ligands might recruit kinases to the TCR complex and "prime" T cells for increased
sensitivity to foreign ligands by "serial summation" (306, 445). The process of stochastic
resonance involves the summation of such "random noise" to increase the sensitivity to
specific signals (446). This generates a total signal that allows a sub threshold level of
seemingly irrelevant ligand-dependent receptor tickling to exceed the triggering limit
and produce a measurable response, and it has been proposed to enhance sensitivity
in a number of natural systems, including sensory neurons (447). Such a mechanism
could become especially important when a tonic filter (e.g. phosphatase activity of
CD45) blunts the sensitivity of the receptor system. A candidate mediator of stochastic
resonance could be Erkl, by providing protection against the negative regulator SHP-1
(306). W iilfing et al. demonstrated that certain, but not all, exogenous null ligands
synergise w ith agonists for the formation of the im m unological synapse (448), in
agreement with earlier findings by others (449, 450). Based on these observations it was
suggested that apparent null ligands can be separated into two functionally distinct
groups (451). The term coagonist was used to describe a fraction of null ligands that
synergises with agonists. The second group are devoid of activity of any kind and are
correctly defined as null ligands. According to the authors, coagonists are not identical
to cryptic or supra-agonists. Furthermore, mathematical m odelling supports the
hypothesis that endogenous peptide/M HC complexes that show no biological activity
on their own can assist agonists in synapse formation, and by inference can improve
sustained signalling (451).

Conversely, several arguments can be made as to w hy self ligands on APC could
be detrimental to responses to foreign. A large number of low affinity self ligands
could engage TCR molecules non-productively and effectively compete with a small
number of high affinity foreign peptides/M H C complexes. Similarly, a large number
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of self peptide-loaded MHC molecules could indiscriminately engage and "distract"
the CDS or CD4 coreceptors and kinetically lim it their ability to pair with TCR
molecules engaged with foreign ligands (452). This has been suggested before but was
not shown experimentally (453). In the system I studied here a potential distraction of
CDS by irrelevant peptide/M H C complexes did obviously not become apparent,
assuming that the "negative" result I find is not the net summation of beneficial and
detrimental contributions of self recognition. Nevertheless, MHC class I engagement
by CDS could play a role in equalising responses to foreign in the presence or absence
of irrelevant self. Experiments using anti-CDSa Fab fragments to block coreceptorMHC interactions did not reveal such a role (data not shown). Stimulation of T cells
with either RMA or RMA-S cells presenting antigen was equally affected by addition
of the blocking reagent (data not shown). Corroborating this finding, an other group
demonstrated that obstructing CD4-MHC class II interactions left the accumulation of
MHC class II in the T cell contact zone undisturbed (448).

Alternatively, partial signalling in response to self peptides could actively
antagonise the response to foreign by recruiting negative regulators of TCR signalling
such as the phosphatase SHP-1 to the TCR complex (367) and thereby desensitising the
recognition of foreign by TCRs in the immediate vicinity of active SHP-1 through
signal spreading. Interestingly, SHP-1 levels rise during the transition of thymocytes
from double positive (CD4^CD8^) to single positive cells (CD4'CD8^ or CD4^CD8 ),
thereby increasing the capacity to dampen TCR signalling in mature naïve T cells
(454). This w ould allow weak agonists to induce productive signalling in thymocytes
up to the double positive stage while forbidding activation of mature T cells in the
periphery.
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All these arguments led me to predict that I should see differences in the
response of T cells offered APC containing equivalent numbers of foreign peptideloaded MHC molecules but differing in the number of self MHC molecules containing
self peptides. I used an MHC class 1 system of pOVA recognition in which APCs
presenting a high or low frequency of pOVA/K^ complexes were assessed for the
ability to stimulate several pOVA-specific CD 8 ^ T cells, including one hybridoma,
monoclonal naïve or antigen-experienced T cells and polyclonal naïve T cells. In all
cases, 1 was surprised to find that changing the number of self peptide-loaded MHC
class 1 molecules had a negligible effect on the subsequent T cell response, no matter
which parameter of T cell activation was measured.

Interestingly, two groups have studied ^2 ^^

versus

and TAP

versus

TAP^^ thymic stromal cells, respectively, for their capacity to induce positive or
negative selection of antigen-specific thymocytes in foetal thymic organ cultures (374,
386). Surprisingly, in both systems the same peptide induced negative selection when
presented by heterozygous thymic stromal cells, and positive selection when knockout
cells (hom ozygous

where used. In addition, RMA and RMA-S cells have been

compared before as APCs for their ability to stimulate primary CTL responses in vitro,
w ith the conclusion that RMA-S are much superior to RMA in this respect (453).
Similarly, inhibition of TAP expression using antisense oligonucleotides greatly
improves the ability of several APC types to induce CTL priming in vitro (455, 456).
H owever, in the absence of an independent method to measure presentation in all
these cases, it is difficult to assess if these effects are due to increased foreign peptide
display or decreased self peptide presentation.

There are several possible explanations as to w hy self peptide recognition did
not appear to influence CD 8 ^ T cell responses to pOVA. It is possible that self
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recognition does not actually take place in this system because RMA cells express a
self-peptide repertoire that cannot be "seen" by any pOVA-specific T cell. I find this
very unlikely given the notion that the TCR is extrem ely crossreactive and can
recognise upwards of

1 0 0 0

different ligands as full agonists and possibly many more

as partial agonists (269). For example, at least

8

different self peptides have been

identified capable to interact with the OT-I TCR (457). The relative ease of finding
endogenous peptides that can stimulate positive selection of various TCR transgenic
thymocytes (388) implies that each TCR may not depend on a single self peptide for
selection, but that rather a blend of specific endogenous ligands is responsible for
selecting each of these TCRs. This makes it extremely unlikely that the T cells used
here do not recognise at least some of the endogenous peptides presented by RMA
cells.

An alternative possibility is that the self-peptide repertoire presented by MHC
class I molecules does not actually matter for responses to foreign antigen. This could
be because any of the possible effects of self-peptide recognition discussed above are
too weak in the face of agonist signalling to make a difference to the response or
because the net sum of all of the self interactions that potentiate the response to foreign
antigen and those that detract from it is effectively zero (445). Antagonist peptides
have an inhibitory effect only w ithin a very sm all range of antigenic peptide
concentration and only when the antagonist is present in considerable excess to the
agonist (423, 458). Therefore, it might be unlikely that expression of an endogenous
antagonist peptide in the periphery w ould be sufficiently high to inhibit a T cell
response (374). Studies of APCs have show n that typically thousands of different
peptides are expressed by a given cell type and that the m ost abundant peptides
generally do not comprise more than a few percent of the total peptide population
(439, 459-462). Nevertheless, summation of the m inute inhibitory (or augmenting)
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effect of a large number of individual endogenous TCR ligands could influence the
response to foreign, considering that antigen recognition by the TCR is highly
degenerate, and it has been suggested that any given TCR can productively interact
with up to 10^ different peptide/M H C complexes (269). In addition, since more than
half of the binding energy of TCR-peptide/MHC complexes can be attributed to TCRMHC contacts (463, 464), it seems not unlikely that the sheer abundance of MHC
molecules on normal APCs could raise the activation state of T cells.

For several reasons my data do not definitively exclude a role for self-peptide
presentation in the response to foreign antigen.
1.

All of these experiments were carried out w ith T cells ex vivo, w hich could

have affected their responsiveness to self antigens. Grossman & Paul postulated that
the context-dependent tuning and adaptation of T cell responsiveness is one of the
main m echanism s involved in self/n o n -self discrimination, a process occurring
throughout the development of T cells and their peripheral life (389, 419, 438, 444, 465,
466). This environm ental adaptation is very likely to be altered during the
experimental procedures ex vivo, which of course could influence the outcome of the
experiment significantly, i.e. the sensitivity to self could be lost. In support of this
notion, some of the steady state phosphorylation of the TCR complex is lost ex vivo (J.
R. Dorfman, personal communication). It is important to point out that the adaptive
changes in sensitivity do not have to be unidirectional but can by divergent (431, 467).
For example, as thymocytes differentiate form the double positive (CD4^CD8^) to the
single positive state (CD4^CD8‘ or CD4'CD8^) they maintain or increase their
sensitivity to strong agonists and keep an agonist phosphorylation pattern of TCR
proximal signalling molecules. In contrast, these cells lose their sensitivity to weak
agonists, accompanied by a change in the phosphorylation pattern to that typical of

116

Chapter 3

Effect of Self on the Response to Foreign

partial agonists/antagonists (431). Hence, it is possible that the {ex vivo) T cells used
here specifically lost their sensitiviy to weak agonists and/or partial agonists.

2. In this study, I have concentrated primarily on early indicators of T-cell
activation. It remains possible that priming against foreign antigens in the absence of
self can affect the generation of effector or memory T cells.

3. In vivo, T cells have to compete for access to APCs presenting the relevant
antigen (468). However, in the experiments presented here, saturating numbers of
APCs were used, allow ing the T cells to interact sim ultaneously w ith many APCs.
Thus, recognition of self could have an effect on the response to foreign in situations
where both antigen and APCs are limiting.

Recent data show that MHC class II molecules containing irrelevant peptides
accumulate at the interface between APC and T cells recognising a foreign antigen and
it is tempting to speculate that these complexes contribute to T-cell activation (448).
Consistent w ith this notion, MHC com plexes containing defined "null" altered
peptides also accumulate at the same interface and, indeed, potentiate the response to
the agonist (448). H ow ever, w hile these findings dem onstrate that apparently
irrelevant peptides can contribute to an immune response on the cellular level, it is
important to point out that these defined "null" peptides are not endogenous peptides.
The authors further claim that MHC accumulation at the APC-T cell interface is TCR
driven, w hich implies that there is specific recognition of peptide/M H C complexes.
This is obviously not compatible with the irrelevant peptides being "null" ligands and
leaves a possibility that they correspond to cryptic agonists or have at least
considerable affinity for the TCR. Furthermore, this study is done with MHC class IIrestricted, CD4^ T cells, whereas I use CD 8 ^ T cells. Interestingly, in contrast to effector
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CD4^ T cells, cytotoxic CD 8 ^ T cells are capable of forming a synapse-like structure
w ith other cells in an antigen-independent manner. H owever, for polarisation of
effector molecules towards to cell-cell contact zone, antigen is required.

Similar to the findings of Wiilfing et al., some "null" altered peptides (supraagonists/cryptic agonists) have been found to potentiate the response of memory
CD 8 ^ T cells (425). If self peptides can indeed play a role in T-cell responsiveness, it is
interesting to note that some APC are able to regulate the frequency as well as the
absolute number of foreign peptide/M H C complexes that they present. DCs can do
this for MHC class II presentation by limiting self peptide loading prior to receiving an
activation signal by recognising PAMPs (100, 114). This is consistent with earlier
findings demonstrating MHC class II redistribution depending on the activation state
of DCs (28, 103, 104). Furthermore, upon cognate interaction with CD4^ T cells, DCs
polarise MHC class II transport to the cell surface towards the T cell contact zone (115).
It is not yet known if DCs also regulate MHC class I loading but could easily do so by
coupling TAP levels or TAP activity to DC activation (78, 79) or by regulating the
availability of antigens for degradation (65). The half-life increase of surface
p ep tid e/M H C com plexes shortly after m icrobial activation w ill lead to the
accum ulation of TCR ligands generated at the time during and after PAMP
recognition (73). The exact contribution of frequency regulation to the T cell response
awaits further investigation, but is likely to play a role at very low , limiting antigen
doses during priming of naïve T cells. This is in full concordance with the finding that
null ligands augment T cell responses to agonists only at very low agonist doses (448).

Is important to point out that I do not conclude from the data presented here that
m y findings apply to every T cell. There still could be T cells for which self-peptide
recognition matters during the response to foreign. H owever, this w ould not in any
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w ay change the conclusion drawn from my study, nam ely that there are "self
insensitive" T cells in the murine T cell repertoire. By using a range of pOVA/K^specific T cells, including a hybridoma, naive and antigen-experienced OT-1 cells as
w ell as polyclonal T cells expressing the OT-I TCR (3 chain in combination with an
endogenous a chain,

1

tried to establish how representative my initial findings with

the B3Z hybridoma were. In each case, T-cell activation was independent of the
presence of self and depended exclusively on the amount pOVA presented on K^. It
remains to be established how prevalent such cells are w ithin the w hole T cell
population.
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SUPPLEMENTARY DA TA
An important feature of the work presented here is the way the T cell response

was correlated to the antigen dose. Traditionally, the T cell readout measure is plotted
against the dose of antigen injected into an animal, pulsed on APCs, or added to the
culture medium. This w ill give a measure of the T cell responsiveness dependent on
the amount of offered antigen. Here, the level of T cell activation is plotted as a function
of presented antigen, by relating the T cell response to the MFI of 25-D l staining on
antigen-pulsed APCs. This more elaborate and meaningful w ay of plotting the data
would become obsolete if there is a linear relationship between the amount of offered
and presented antigen. Although the data shown in figure 3.2 C (top panel) feigns that
this is indeed the case^^ careful analysis reveals that the two parameters cannot
necessarily be related in this way. In a similar experiment as shown in figure 3.3, B3Z
T-cell hybridomas were stimulated with RMA or RMA-S cells pulsed with varying
concentrations of pOVA (Fig. 3.9). The amount of IL-2 produced by B3Z was then
plotted either as a function of the concentration of the offered peptide (top panel), or as
function of the amount of presented peptide, i.e. 25-Dl fluorescence on APCs (bottom
panel). While the former method suggests that absence of self on APCs increases the
sensitivity of B3Z, the latter method shows that this conclusion is unwarranted. The
dose-response curves of B3Z hybridomas stimulated w ith pOVA on RMA versus
RMA-S are essentially superimposable (Fig. 3.9, lower panel). This could explain the
apparent discrepancy between the findings of others (453) and my ow n results.

Note that the x-axis is on a logarithmic scale.
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Figure 3.9 Plotting T-cell response as a function o f offered peptide can be misleading
As in figure 3.3, B3Z cells were cocultured overnight with irradiated RMA or RMA-S cells
prepulsed with pOVA (as in figure 3.2). IL-2 in the supernatant was measured by sandwich
ELISA and plotted as a function of offered peptide (upper panel) or presented peptide, i.e.
pOVA/K^ complexes (lower panel). Error bars indicate one SD from the mean of triplicate
cultures. Results are representative of at least five independent experiments (RMA: closed
circles, solid lines; RMA-S: open circles, dashed lines).
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In fact. De Bruijn et al. claim that the superiority of RMA-S cells over RMA cells
to induce primary CTL responses is due to the higher amount of presented agonist
and not due to the absence of self peptide/M HC complexes (453). In stark contrast, my
findings imply that for any given concentration of exogenously offered peptide, RMA
bind more pOVA than RMA-S (Fig. 3.2 C, top panel). In their study the peptide
pulsing was performed at 26°C to reach exceedingly high levels of "empty", loadable
MHC class I molecules, whereas in my experiments the loading was done at more
physiological peptide doses at 37°C. However, I was able to reproduce some of their
findings, but these data are derived from a single peptide dose and thus have only
limited meaning. Jax5 splenocytes were stimulated for 5 days w ith RMA or RMA-S
cells pulsed w ith pOVA, and their antigen-specific cytotoxic activity was assessed
using antigen-pulsed RMA cells. Higher specific target cell lysis was generated using
RMA-S as APCs to prime naïve T cells (Fig. 3.10 A), as predicted by De Bruijn et al.

This contrasting result compared to the vast majority of other experiments might
be explainable by the unphysiologically high antigen dose (for CTL induction) used in
this experiment. Induction of CTL activity is a very sensitive readout for activation of
CD 8 ^ T cells (469). However, 25-Dl staining is unfortunately barely detectable at the
antigen doses sufficient to induce CTL activity from OT-I or Jax5 cells. Several
attempts to correlate cytotoxic T cell responses at the lower end of the dose response
curve w ith the amount of presented peptide failed (data not shown). However,
examination of the APCs used to generate the CTL effector cells in the above assay
showed, in disagreement with De Bruijn et al., that although RMA-S cells were better
stim ulators they presented a low er absolute number of pOVA/K^, but at a
significantly higher frequency of this complex when compared to RMA cells (Fig. 3.10
B). Other initial experiments show ed a similar pattern where RMA-S cells induced
slightly stronger CTL responses w hen compared to RMA, how ever, the observed

122

Chapter 3

Effect of Self on the Response to Foreign

d ifferen ces w h e r e m o d e s t an d a ffected the m a g n itu d e o f th e r e sp o n se rather than its
se n s itiv ity (data n o t sh o w n ). It is im p o rta n t to p o in t o u t that th e re su lts of the tw o
a b o v e CTL ex p erim en ts d o n o t rep resen t the o u tco m e o f the o v e r w h e lm in g m ajority of
su b se q u e n t e x p e r im e n ts. W h eth er th is is d u e to im p r o v e m e n ts in the ex p erim en ta l
p r o c e d u r e s, th e d iffe r e n t T c e ll a c tiv a tio n r e a d o u t in form o f c y to to x ic r e sp o n se
a ssessm e n t rather th an m ore im m e d ia te m ea su res, or the fact that Jax5 cells w ere u sed
in stead o f OT-I cells rem ains to b e estab lish ed .
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Figure 3.10 Induction o f more potent CTL responses by RMA-S com pared to RMA cells
Naïve Jax5 splenocytes were cocultured for 5 days with m itom ycin C-treated RMA or
RMA-S cells prepulsed with a single dose of pOVA as in figure 3.2. A. Cytotoxicity was
then measured in a standard ^^Cr-release assay using pOVA-pulsed RMA cells as targets.
B. 2 5-D l MFI ("absolute number", upper panel) or the ratio of 2 5 -D l :H-2K^ MFI values
("frequency", lower panel) of RMA (black bars) and RMA-S cells (white bars) used as
stimulators in A. Results are representative of two independent experiments.
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A s regard s R M A and R M A -S ce lls, 1 h a v e fo u n d that n o t all c lo n e s of p aren tal
a n d m u ta n t c e lls are str ic tly co m p a r a b le an d th at th e y can v a r y in e x p r e s s io n of
co stim u la to r y m o le c u le s (u n p u b lish e d o b serv a tio n s). In our e x p e r im e n ts, R M A and
R M A-S w e r e e x te n s iv e ly p h e n o ty p e d an d c h o se n to b e as sim ila r to ea ch oth er as
p o s s ib le w ith re sp e ct to e x p r e ss io n o f all su rface m ark ers e x c e p t M H C cla ss I, the
p rop erty for w h ic h RM A-S cells w ere selected for origin ally, as s h o w n in figu re 3.11.

B7-1
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ICAM1

ICAM2

CD40

Fas

JD

CD11 c (integrin a J C D 1 1 b (integrin a^)

RMA-S
RMA

l-Ab

controls (mix)

Figure 3.11 Phenotypic analysis o f selected RMA and RMA-S cell clones
RMA (solid lines) and RMA-S (dashed lines) cells clones were stained with the indicated
antibodies or a mix of the corresponding isotype controls (bottom right panel). Flow
cytom etric data gated on live T 0 -P R 0 3-ne g ative cells of an appropriate scatter profile are
shown. Profiles of selected RMA and RMA-S cell clones used throughout this study,
chosen to be as sim ilar as possible to each other except surface H-2K'' expression are
shown.
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P e p tid e /M H C cla ss I co m p le x e s at the su rface o f ARC d e c a y re la tiv ely ra p id ly ,
w ith a h a lf-life o f 5-10 h o u r s (470). T h u s, it w a s im p o r ta n t to e sta b lish that Tapd eficie n c y d o e s n ot in flu e n c e this param eter. 'T u lse-ch a se " ex p er im en ts rev ea led that
the rate o f p O V A /K ^ d e c a y as a sse sse d b y the a b ility to b e sta in e d w ith 2 5 -D l w a s
id en tica l for RM A an d R M A-S o v er the cou rse o f the T cell stim u la tio n a ssa y s u sed in
th is stu d y (Fig. 3.12). F u rth erm ore, a c tiv a tio n of n a iv e CD8^ T c e ll req u ires o n ly a
r e la tiv e ly b r ie f in te r a c tio n w ith a n tig e n -b e a r in g A P C s (471, 472), th en th e CD8^
r e s p o n s e ru n s o n "autopilot". A n y , a lth o u g h u n d e te c ta b le , d iffe r e n tia l d e c a y o f
p O V A /K ^ o n RM A v er su s R M A -S cells after the first fe w h o u rs o f in cu b a tio n w o u ld
therefore n o t in flu e n c e the ex p erim en ta l o u tco m e o f lo n g -term a ssa y s w h er e cy to k in e
secretion or p roliferation w a s m easu red .
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Figure 3.12 Equal pOVA/K^ decay rate on RMA and RMA-S cells
RMA (black bars) and RMA-S (white bars) prepulsed with a single dose of pOVA as in
figure 3.2 were cultured for the indicated time periods and then stained with 25-D1. Flow
cytom etric data gated on live, T 0 -P R 0 3-ne g ative cells of an appropriate scatter profile are
shown. Results were normalised to 25-D1 MPI at t = 0 h being 1, and are representative of
two independent experiments.
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To address the issue of whether I used appropriate APCs for this study (i.e.
presenting potential pariai agonists/antagonists), I conducted experiments with APCs
other than RMA and RMA-S. 1 used DCs purified from spleens or cultured from bone
marrow from TAP^'^^ versus TAP"'^" mice, but found that their 25-Dl staining profiles
after peptide loading were always very heterogeneous, i.e. their CV values were high,
precluding their use in the assays described here (Fig. 3.13). The weak and
heterogeneous 25-D l staining on bone marrow-derived DCs pulsed with pOVA as
compared to unpulsed cells made them unsuitable for m y experiments (Fig. 3.13 A). In
contrast, pOVA-pulsed primary B cells were hom ogeneous for 25-D l staining (data
not shown), like RMA and RMA-S, but B cells from TAP“^“ mice expressed slightly
lower levels of B7-2, CD40 and I-A^ molecules than the w ild type controls and,
therefore, were not used extensively (Fig. 3.13 B). Nonetheless, a few experiments with
Tap^/+ versus TAP"''" B cells again failed to reveal a significant influence of the self
peptide repertoire on the response of naïve OT-I cells (data not shown). Thus, I believe
that my results with RMA and RMA-S reflect those that may be obtained with bona fide
APC.
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Figure 3.13 Bone m arrow-derived DCs are unsuitable forpO VA/K^ measurement
A. DCs raised from bone marrow (see M aterials and Methods) of TAP^'^ and TAP^' mice
were pulsed with a single dose of pOVA as in figure 3.2 and stained with 25-D1. Flow
cytom etric data gated on live, T 0 -P R 0 3-ne g ative cells of an appropriate scatter gate are
shown. Results are representative of two independent experim ents. B. Splenic B cells
from TAP^^^ (solid lines) and TAP^' (dashed lines) mice were analysed by FACS for the
indicated markers gated on live T 0 -P R 03-negative, 8220-positive cells of an appropriate
lymphocyte scatter profile.
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It remains possible that a contribution of self recognition to foreign responses
may be seen in situations in which TCR affinity for the foreign ligand is very low
and /or where a coreceptor is absent. OT-I, the TCR mainly used in this study has a
relatively high affinity for pOVA/K^ of 6.83 x 10'^ M. Unfortunately, I was limited in
my choice of the experimental system , because m y approach required a T cellindependent way to measure the absolute amount of presented antigen. The critical
component of this approach was the 25-D l mAb. High-sensitivity staining with this
antibody can only be obtained by loading of

with pOVA (427). Therefore, I had to

em ploy the pOVA/K^ system and consequently OT-I mice as the most convenient
source of sufficient numbers of primary T cells. An alternative source of pOVA/K^responsive primary T cells were Jax5 mice. In an attempt to formally establish in a
simple w ay that tetramer-positive Jax5 T cells represent a population w ith varying
affinities for pOVA/K^, I adapted a low -light fluorescent m icroscopy technique
originally d eveloped for different purposes, that records the dissociation of
peptide/M H C tetramers from individual T cells over time (473, 474). Briefly, CDSa^
pOVA/ K^-tetramer^ cells were FACS-sorted from pooled lymph node and spleen cell
suspensions which were previously MACS-enriched for CD 8 a^ cells. Fluorescence and
phase-contrast images from cultures of live sorted cells were taken at 15 s intervals.
After a few minutes of culture under "steady state" conditions, an anti-K^ antibody
was added to compete for binding with the TCRs w hile continuing data acquisition.
MFI values (tetramer) from individual cells (defined as areas of interest on
corresponding phase-contrast images) were then plotted against time to determine the
rate of tetramer dissociation from single cells. As expected, the starting MFI values of
individual cells in the field of view (steady state) were heterogeneous (Fig. 3.14 A,
right panel). This variability could be due to the expression of TCRs of different
affinities, or alternatively, to differential expression levels of TCRs of similar affinities.
After addition of the competing antibody to the cultures, diversion or conversion of
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MFI curves from individual cells w ould im ply a range of different TCR affinities,
conversely, parallelity of MFI curves w ould be indicative for identical TCR affinities.
Analysis of the MFI values over time revealed an equal rate of signal decay for all
cells, which is consistent with identical affinities of all TCRs. However, analysis of MFI
curves of control cultures without competing antibody show ed a similar MFI decline
pattern from individual cells, indicating that this does not represent forced
dissociation of tetramers by the antibody, but is rather an experimental artefact (Fig.
3.14 A, left panel). The only pOVA/K*^ tetramer at m y disposal was fluroescently
labelled with R-phycoerythrin (PE). This fluorochrome is very light sensitive, thus
repeated light exposure as occurring in the experiment described above can lead to
rapid photobleeching. However, PE is used routinely for flow-cytometric analysis,
where labelled cells are excited only once. Therefore, I tried to apply the above
experimental principle to a FACS-based method. Splenocytes form OT-I mice were
stained with anti-CD 8 a and pO VA/K ’^tetramers and data acquired on a FACS Calibur
cytometer. Immediately before the start of data acquisition, an unlabelled anti-K^
antibody was added to the tetramer-labelled cell suspensions, similar as in the
experim ent above. In sam ples where no com peting antibody w as added, the
fluorescence intensity of the whole CD 8 a^ lymphocyte population remained constant
over the ~ 30 minute time range of the experiment (Fig. 3.14 B, left panel; MFI^^q 441,
MFIt=i5 ' 442). In contrast, adding anti-K^ lead to a continuous decrease in the PE signal,
indicating ongoing dissociation of pOVA/K*^ tetramers from the OT-I cells forced by
the anti-K^ antibody (Fig. 3.14 B, right panel; MFIt=o 404, MFI^^ig 258). Furthermore,
although the CV value for PE is slightly higher at any given time compared to the
control sample (possibly due to the ongoing effect of the com peting antibody), it
remains essentially unaltered, indicating that all TCRs have the same affinity for
pO V A /K ’^. Since these are monoclonal lymphocytes from OT-I x RAGl'^' mice, this is
the expected result, suggesting that the method is working in principle.
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Figure 3.14 Measuring pOVA/K^ tetramer dissociation from antigen-specific T cells
A. Phase contrast and fluorescence images were taken at 15 s intervals from CD 8 a^
pOVA/K"^ cells sorted from spleen and lymph nodes of Jax5 mice cultured in the absence
(left panel) or presence (right panel) of an anti-K^ antibody. Lines represent tetramer MFI
values from individual cells (defined as areas of interest on corresponding phase-contrast
images) im m ediately after addition of the anti-K^ (or control) antibody. Results are
representative of three independent experim ents. B. OT-I cells were stained with antiCD 8 a and pOVA/K^ tetram er and data acquired on a flow cytometer, with (right panel) or
without (left panel) adding an anti-K*" antibody to the cell suspension imm ediately before
data acquisition. Data shown is gated on live, T 0 -P R 0 3 -n e g a tive , CD 8 a^ cells of an
appropriate lymphocyte scatter profile. Results are representative of two experiments.
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One of the advantages of the video-microscopic technique is that only very small
numbers of cells are required, and more importantly, individual cells can be recorded
over time. In contrast, the FACS-based method requires large amounts of sufficiently
pre-enriched cells, to allow continued data acquisition over a prolonged period of
time. Unfortunately, to date it is not feasible to isolate the required numbers of
pOVA/K*^-positive cells from Jax5 mice. Sorted cell suspensions had to be diluted to
an extent that acquisition events per time unit were too rare for analysis (data not
shown). Further efforts addressing this issue are under way. Alternative approaches to
demonstrate that pOVA/K^-specific T cells from Jax5 mice express a range of affinities
for their nominal antigen include generation of large numbers of T cell hybridomas
from these cells and individually test their sensitivity in standard in vitro assays. I
believe that it is reasonable to assume that pOVA/K^-specific Jax5 cell are polyclonal
and bear TCRs with a range of affinities for this antigen, given the that (i) some but not
all of these cells stain w ith an anti-Va2 TCR antibody (data not shown) and (ii) their
pO V A /K ^ tetramer staining profile is more heterogeneous w hen compared to
monoclonal OT-I T cells (Fig. 3.5).

Using the 25-Dl monoclonal antibody as a probe for pOVA/K^ brings potential
drawbacks, which could have masked any positive or negative effect that recognition
of self peptide/M H C complexes has in the response to foreign. Below, I w ill discuss
some of the limitations set upon the experimental system by using this antibody, and
potential ways to address this issue. Any given TCR recognises many other ligands
than its "nominal" antigen, i.e. antigen recognition is degenerate, which of course is the
basis of this study. In contrast, it would be desirable that the probe used to detect the T
cell's nom inal antigen is m onospecific. H ow ever, im m unoglobulins are also
crossreactive, albeit to a lesser extent than TCRs. For an other peptide/M H C complexspecific antibody such degeneracy has been described (475). Although the majority of
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amino acid alterations in pOVA leads to a complete abrogation of 25-Dl binding, some
APL enable staining with very low sensitivity (427). H ow ever, it is important to
emphasise that this would not invalidate my findings. To test whether the background
signal of 25-Dl is "specific" or can be accounted for by

loaded with irrelevant

peptides, RMA and RMA-S cells were pulsed with a K^-binding peptide (pVSV) and
stained with 25-Dl or anti-H-2K’^. As expected, RMA cells express high levels of H-2K^, whereas RMA-S cell lack significant numbers of this molecule on the surface (Fig.
3.15, upper panel). However, MHC class I surface expression on RMA-S cells was
partially restored w hen pVSV peptide was added to rescue labile empty
decay. Similarly, pVSV increased the level of
of 25-Dl is clearly dependent on

from

on RMA cells. "Background" staining

expression: While 25-D l bound at low but

significant levels to RMA cells, such binding was virtually absent on RMA-S cells.
Furthermore, this phenotype could not be rescued by offering the cells pVSV,
although the peptide clearly increased surface

levels, indicating that 25-D l

recognises specific endogenous peptides presented by Tap-sufficient cells on K^.
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Figure 3.15 25-D1 recognises specific endogenous peptides presented on H-2K^
Analogous to figure 3.2, RMA and RMA-S were prepulsed with pVSV or mock-treated and
then stained with anti-H - 2 K^ (upper panel) or 2 5 -D l (lower panel). Flow cytom etric data
was gated on live, T 0 -P R 0 3 -n e g a tive cells and results normalised by subtraction of the
relevant isotype control data. Results are representative of two independent experiments.
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A n o th er co m p lica tin g circu m stan ce co u ld b e that so m e T cells se e m to b e able to
d istin g u ish at least tw o kin etic isom ers o f their n o m in a l p e p tid e /M H C co m p lex ligan d
(476-478). T his can resu lt in the p arad oxical n o n r e s p o n siv e n e s s o f T cells raised again st
an e n d o g e n o u s ly p ro ce ssed p e p tid e to w a rd s the sa m e p e p tid e offered e x o g e n o u sly . So
far, th is h as o n ly b e e n d e scr ib ed for CD4'' T c e lls, b u t O T-I p o s s ib ly h as a sim ilar
ca p a b ility to d iscrim in a te s e e m in g ly id en tica l lig a n d s. C o n v e r se ly , if 2 5 -D l recogn ises
o n ly o n e o f th e k in etic iso m er s o f pOVA/K^' an d OT-I c e lls lack th is d iscrim in a to ry
ca p a b ility , it w o u ld ex p la in the in trig u in g fin d in g that sa tu ra tin g con cen tration s o f 25D l d o n ot b lo ck p roliferation of OT-I in re sp o n se to pOV A/K ^' (Fig. 3.16, for d etails see
figu re leg en d ).
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Figure 3.16 25-D1 does not block stimulation o f OT-I T cells b y pOVA
Total naïve OT-I splenocytes were cultured for 48 h with graded doses of pOVA in the
culture medium in the presence of 2 5 -D l (filled diamonds, solid line), an isotype control
(filled circles, solid lines) or the anti-H-2K^ antibody Y3 (open circles, dashed lines).
Proliferation was assessed by measuring ^H-thymidine incorporation. Error bars indicate
one SO from the mean of triplicate cultures. Results are representative of two experiments.
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25-Dl contacts with the pOVA C terminus where it clearly overlaps with the
TCR p-chain footprint on the pOVA/K^ complex (479). It is therefore very difficult to
imagine w hy 25-D l does not sterically interfere w ith OT-I binding to pOVA/K^.
Although 25-Dl has an affinity for pOVA/K^ of

8

x 10'^ M (427), which is considerably

lower than that of most affinity-matured IgGs (lO'^-lO'^^ M), it is still clearly higher
than that of the vast majority of TCRs (10'^ - 10'^ M), including OT-I's affinity for
p O V A /K ’^ of 6.83 X 10'^ M. 25-Dl should therefore outcompete OT-I for binding to
pOVA/K*^ and completely block OT-I responses.

In attempt to circumvent the requirement for 25-D l as a probe to measure
pOVA/K*^ com plexes on the surface of APCs, RMA cells were pulsed w ith
biotinylated pOVA (biotin-pOVA) instead of pOVA. After w ashing away excess
peptide, the cells were stained with fluorescently labelled streptavidin. Cells incubated
with biotin-pOVA clearly bound the peptide, as measured by increased fluorescence
(data not shown). However, RMA cells pulsed w ith graded doses of biotin-pOVA
failed to stimulate OT-I T cells for proliferation (Fig. 3.17 A). OT-I T cells may do not
recognise the modified peptide as an agonist, or alternatively, biotin-pOVA cannot be
loaded onto H-2K^. To determine whether the latter case is true, the ability of biotinpOVA to rescue surface H-2K^ expression on RMA-S cells was assessed. As shown in
figure 3.17 B, expression of H-2K^ on RMA-S cells was not restored by biotin-pOVA,
while the parental peptide and the nonstimulatory pVSV peptide were able to do so.
Thus, it appears that biotin-pOVA bound unspecifically to the surface of RMA cells. In
contrast to MHC class II molecules, MHC class I have a peptide-binding groove that is
closed at the ends and therefore cannot bind peptides of excess length. This could be
the reason w hy biotin-pOVA was not loaded onto H-2K^. Instead of using biotinylated
pOVA, one could envisage the use of a radiolabelled form of the peptide to quantify
the amount of bound peptide. However, such an approach was not pursued for two
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rea so n s. First, h a n d lin g ra d io la b e lled reagen ts in lo n g m u ltiste p p r o c e d u r e s su ch as
th e e x p er im en ts d escr ib ed in th is s tu d y is in c o n v e n ie n t. S eco n d , m e a su r in g th e cella sso cia ted ra d io a ctiv ity w o u ld n o t a llo w to d istin g u ish b e tw e e n p e p tid e lo a d e d on to
H-2K^\ and u n sp ecific p e p tid e b in d in g or uptake.
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Figure 3.17 Biotinylated pOVA cannot be loaded into the H-2K^ peptide-binding groove
A. Total naïve OT-I splenocytes were cultured for 48 h with graded doses of the indicated
peptides. IL-2 in the supernatant was measured by sandwich ELISA. Error bars indicate
one SD from the mean of triplicate cultures. Results are representative of two experiments.
B. RMA-S cells were cultured at 26° C for 24 hours in the presence of the indicated
peptides. Surface H-2K^ expression of live T 0 -P R 0 3 -n e g a tiv e cells of an appropriate
scatter profile was measured by FACS. Results are representative of two experiments.
Symbols (A. and B,): filled circles: pOVA; open circles: biotin-pOVA; filled squares: pVSV.

136

Chapter 3

Effect of Self on the Response to Foreign

137

Chapter 4

T-Cell Feedback to DCs in C is and Trans

Chapter 4: T-CELL FEEDBACK TO DENDRITIC
CELLS IN CIS AND TR A N S

138

Chapter 4

4.1

T-Cell Feedback to DCs in C is and Trans

IN TRO DUC TIO N
Immature DCs continuously monitor peripheral tissues for signs of pathogen

invasion (4). At this developmental stage, DCs are poorly immunogenic. However,
upon pathogen encounter, DCs sense conserved pathogen-associated molecular
patterns (PAMPs) and consequently undergo a process of phenotypic and functional
maturation (5), gaining competence to prime naïve T cells in secondary lymphoid
organs (1, 4, 7). This maturation process enables the DCs to provide the T cells (i) with
specific ligands for their TCRs in the form of MHC m olecules carrying pathogenderived antigenic peptides (219), and (ii) costimulation necessary for sustained and
effective T-cell responses (157,221-223).

It is crucial that immune responses are of the appropriate class, e.g. Thl in the
case of infection w ith intracellular pathogens such as viruses and L iste ria , or
conversely, Th2 responses to control helminth invasion. The choice for Th polarisation
is made by DCs, depending on the microenvironment and nature of the recognised
PAMP (230, 241). Accordingly, DCs can secrete cytokines such as IL-12, which is a
potent Thl-polarising factor (229-233). Work from the Im m unobiology Laboratory
suggests that these differentiation cues are held back until the DCs undergo
interactions with T cells (7, 149), suggesting that signals from activated T cells are able
to m odulate DCs. We also demonstrated that CD40 ligation (surrogate for T-cell
feedback) cannot autonomously activate DCs for the of IL-12p70 and IL-10 (149, 150).
Thus, rather than initiating de novo activation of DCs, T-cell feedback signals merely
complete the activation of previously PAMP-matured DCs by amplification.

Here, I extend this to a physiological model with naive T cells and ask how T-cell
feedback regulates different parameters of DC activation in cis versus tran s, and
whether this is dependent on PAMP recognition. To this end, I em ploy both in vitro
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and in vivo approaches using mainly TCR-transgenic T cells and the well-defined
bacterial PAMP CpG (247). Surprisingly, I find that DCs undergo phenotypic
maturation upon T-cell interaction in the absence of microbial stimulation, but as
reported, depend on both PAMP and T-cell signals for the production of cytokines
(149, 150). In contrast, although DCs still upregulate costimulatory molecules and
increase their stimulatory capacity w hen receiving noncognate signals from activated
T cells, they fail to produce the bioactive form of IL-12 even after exposure to CpG.
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RESULTS

4.2.1 DCs Require Stimulation by Both PAMPs and Activated T Cells for the
Production of Cytokines
Many authors conclude from in vitro studies that endotoxin stimulation is
sufficient to induce IL-12 production by DCs. However, no distinction between IL12p40 and bioactive IL-12p70 is made. In fact, only diminutive levels of the latter form
are reported in these studies, while the former is produced in significant amounts.
This is not surprising, since our findings suggest that IL-12p40 secretion by DCs is
only dependent on microbial stim ulation, w hile the production of the IL-12p35
subunit necessary for heterodimeric IL-12p70 is under additional control of T cellderived signals (149). I wondered whether this pattern of expression control by T cells
is unique to some PAMPs such as CpG and STAg (used by Schulz et a l (149)), or is
valid for a wider range of microbial stimuli. BALB/c DCs were cocultered overnight
with D O ll.lO T cells and increasing doses of antigen together with zymosan, CpG, or
PPD, and cytokines in the culture supernatant measured. As it is the case for CpG,
other microbial stimuli such as PPD and zymosan only induce significant production
of IL-12p70 by DCs in combination with T-cell feedback signals (Fig. 4.1, upper panel).
This amplifying effect of T cells is antigen-dose dependent. Previous studies from
m yself and others in the Im m unobiology Laboratory dem onstrate that not all
microbial stimuli are as potent as CpG to stimulate DCs for IL-12p70 production, even
at optimal doses (data not shown, and (150)). In this respect, CpG is superior to both
PPD and zymosan. Although PPD only induced relatively low levels of IL-12p70 in
comparison to CpG, these amounts are still significant, w hile zym osan is virtually
incapable of enhancing the level of IL-12p70 produced by DCs compared to the
controls. However, zym osan and to a lesser degree PPD trigger the accumulation of
IL-10 in these T cell-DC cocultures in an antigen-dose dependent manner (Fig. 4.1,
lower panel). In contrast, CpG failed to raise the levels of IL-10 in the culture
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supernatant over the amounts produced in control samples. In contrast to IL-12, the
production of IL-10 is not restricted to DCs but instead is w ell docum ented to be
secreted by a variety of leukocytes, including CD4^ T cells. Thus, the IL-10 detected in
cultures without any microbial stimulus may be T cell-derived. H owever, I cannot
exclude the possibility that DCs produced this cytokine independent of PAMP
recognition. In conclusion, as for IL-12p70, the secretion of IL-10 by DCs upon
stimulation w ith microbial stimuli is dependent on feedback signals from antigenspecific T cells. In contrast to IL-12p70, IL-10 is not measurably induced by CpG but by
zymosan and PPD, indicating that different microbial stimuli trigger the production of
a characteristic pattern of cytokines by DCs. These differences can play a crucial role in
directing the appropriate class of T-helper cell response (480).
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Figure 4.1 The requirem ent for T-cell feedback for the production o f cytokines by DCs is a
common feature o f microbial stim uli
BALB/c DCs were cocultured overnight with 0 0 1 1 .1 0 0 0 4 ^ T cells with the indicated
microbial stimuli and graded doses of OVA 3 2 3 .3 3 9 peptide. IL-12p70 (upper panel) and IL-10
(lower panel) in the culture supernatant was measured by sandwich ELISA. Error bars are
shown and indicate one SD from the mean of triplicate cultures. Results are representative
of two independent experiments.
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Splenic DCs comprise at least three phenotypically distinct subpopulations. The
extent to which these DC subpopulations differ in their ability to induce a particular
type of T cell responses is the subject of intense debate. On the one hand, a number of
studies support a degree of specialisation of DC populations w ith regard to their
ability to produce certain cytokines and by inference induce polarised T-helper cell
responses (230). On the other hand, many studies suggest a high degree of plasticity in
the capacity of DC to secrete cytokines and direct functional T-cell differentiation (150,
249, 250). Differential production of a particular cytokine by a subset could have a
profound influence on this D C s ability to polarise the responding T-helper cell
precursor. I therefore studied if the main three splenic DC subsets all respond to
antigen-dependent T-cell feedback for the production of IL-12p70. FACS-sorted
splenic DC subsets from BALB/c mice and D O ll.lO T cells were cocultured under
identical conditions as in figure 4.1. All subsets triggered similar levels of T-cell
proliferation (data not show n and (480)). Measurement of IL-12p70 in the culture
supernatant revealed that CDB^ as well as DN DCs depend on signals from activated T
cells to produce significant amounts of IL-12p70 (Fig. 4.2). CD 8 ^ DC secreted the
highest levels of IL-12p70, while DN produced low but significant amounts of this
cytokine. However, no IL-12p70 was detectable in cultures with CD4^ DC in response
to any of the microbial stimuli tested here, even at the highest levels of OVA 3 2 3 .3 3 9
peptide. Confirming the results from the previous experim ent, not all microbial
stimuli induce IL-12p70 production by subsets to comparable levels.
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Figure 4.2 Not all splenic D C subsets contribute equally to IL-12p70 production
Sorted subsets of BALB/c splenic DCs were cocultured overnight with DO11.10 CD4'" T
cells with the indicated microbial stimuli and graded doses of OVA3 2 3 . 3 3 9 peptide. IL-12p70
in the supernatant from cultures with DN DCs (top panel), CD4^ DCs (middle panel), and
CD8 a^ DCs (bottom panel) was measured by sandwich ELISA. Error bars are shown and
indicate one SD from the mean of triplicate cultures. Results are representative of three
independent experiments.

(see figure 4.2 on previous page)

4.2.2 Differential Requirements of DCs for Phenotypic and Functional Maturation
IL-12 is thought to be an important factor instructing nonpolarised CD4^ T cells
to become IFNy-producing Thl cells (232, 236). In vivo, production of high levels of
IL-12 is restricted to DCs and some macrophages. Because (i) CD4"’ T cells polarise
very early after activation in pathogen-infected host, possibly during priming, and (ii)
DCs have the unique ability to prime naïve T cells, it seems likely that DCs are also
responsible for T-helper cell differentiation. A previous study performed in the
Immunobiology Laboratory demonstrated that the production of the bioactive p70
form of IL-12 is tighly regulated (149). It requires the stimulation of the DCs by both an
appropriate PAMP and antigen-dependent interaction w ith T cells. Specifically, we
show that after DC maturation by a microbial stim ulus that primarily induces
1L-I2p40 and augments CD40 expression, CD40 ligation induces a significant increase
in 1L-I2p35 (the subunit that lim its the formation of bioactive 1L-I2p70), and
consequently 1L-I2p70 heterodimer production. To address whether a similar level of
control is set upon the expression of costimulatory molecules on DCs, freshly isolated
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splenic DCs from BALB/c mice were cocultered overnight w ith DO11.10-scicT° T cells
and graded doses of OVA 3 2 3 . 3 3 9 in the presence or absence of CpG. As show n in figure
4.3 A, and as expected from previous data (Figs. 4.1, 4.2 and (149)), T-cell activation is
not sufficient for the secretion of IL-12p40 or IL-12p70 by DCs (open circles). Only
minute amounts of IL-12p40 are induced by T-cell activation alone. Furthermore, Tcell feedback does not increase the amount of IL-12p40 produced by DCs w hen they
have been activated by CpG (closed circles). H owever, if both CpG and OVA 3 2 3 . 3 3 9
peptide are added to the cultures, high levels of IL-12p70 are produced in an antigen
dose-dependent manner. These results confirm our previous findings and those of
others show ing that activated T cells cannot induce significant IL-12 production by
DCs (149, 150, 179). In contrast, CD4^ T-cells activation was sufficient to induce
upregulation of B7-2 and CD40 in an antigen dose-dependent manner in the absence
of CpG (Fig. 4.3 B). In fact, stimulation of these DCs w ith CpG largely masked the
effect of T-cell activation. The discrepancy between the ability of T-cell feedback per se
to induce upregulation of B7-2 and CD40 but not IL-12 is developed in detail in the
remainder of this chapter.

DOll.lO-scid: hereafter D O ll.lO
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Figure 4.3 DCs in coculture with activated 0 04 ^ T ceils upregulate the expression o f
costimulatory molecules, but need further microbial stimulation for the production o f
bioactive IL-12p70
BALB/c DCs were cocultured overnight with D O ll.lO CD4^ T cells in the presence (filled
circles) or absence (open circles) of CpG, and the indicated doses of OVAszs-ssg peptide. A.
IL-12p40 (upper panel) and IL-12p70 (lower panel) in the culture supernatant was
measured by sandwich ELISA. Error bars are shown and indicate one SD from the mean
of triplicate cytokine measurements. B. MFI of stainings with anti-B7-2 (upper panel) and
anti-CD40 (lower panel) on live, T 0 -P R 0 3 -n e g a tive DCs in these cultures. Results are
representative of three independent experiments.
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N ew ly activated CD 8 ^ T cells might be capable to signal to DCs with similar
consequences as CD4^ T cells (171, 174). Thus, C57BL/6 DCs were used to stimulate
OT-I T cells in the presence or absence of CpG. After overnight culture, the expression
of the costimulatory molecule B7-2 and IL-12p70 in the culture supernatant were
measured. Resembling the outcome of the experiment with CD4^ T cells, OT-I T cells
were capable of synergising with CpG to induce high levels of IL-12p70 by DCs in an
antigen-dose dependent manner, but failed to have any effect on the production of this
cytokine in the absence of a microbial stimulus (Fig. 4.4, left panel). In contrast, no
CpG was required to upregulate B7-2 in a T cell-dependent fashion (Fig. 4.4, right
panel). While stimulation with activated CD4^ T cells left the already high B7-2 levels
on CpG-conditioned DCs unaffected (Fig. 4.3 B, upper panel), CD 8 ^ T cells were able
to further increase the level of B7-2 on equally treated DCs, although with a smaller
dynamic range as in the absence of CpG, so that equal final levels of B7-2 were reached
at the top peptide dose. Similar doses of antigen are required for T-cell feedback fo
become effective in upregulating B7-2 and inducing the secretion of IL-12p70.
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Figure 4.4 Analagous to
T cells, upon activation CD8^ T cells upregulate B7-2 on
DCs, but fail to induce IL-12p70 production in the absence o f microbial stimulation
C57BL/6 DCs were cocultured overnight with OT-I CD8+ T cells in the presence (filled
circles) or absence (open circles) of CpG, and the indicated doses of pOVA. A. IL-12p70 in
the culture supernatant was measured by sandwich ELISA. Error bars are shown and
indicate one SD from the mean of triplicate cytokine m easurements. B. MPI of stainings
with anti-B7-2 on live, T 0 -P R 0 3 -n e g a tive DCs in these cultures are shown. Results are
representative of two independent experiments.
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The experiments described above all suffer from the limitation im posed by
spontaneous maturation of splenic DCs in vitro (25). Even if the cells are simply
cultured but otherw ise left untreated, they undergo an irreversible process,
characterised by moderate upregulation of costimulatory molecules and other surface
maturation markers, loss of phagocytic activity, and a decrease in viability. It is
desirable, therefore, to perform in vivo experiments which address similar questions to
confirm the significance of the in vitro findings. Therefore, groups of D O ll.lO mice
were injected w ith PBS, CpG, OVA 3 2 3 .3 3 9 , or CpG and OVA 3 2 3 .3 3 9 . Twelve to eighteen
hours later, their sera were assayed for IL-12p40 and IL-12p70. If the result from the in
vitro assays discussed in figure 4.1 B were representative of the real life scenario, no

influence on the secretion of the p40 subunit, but a very strong synergistic effect with
CpG on the production of bioactive IL-12p70 could be expected. Indeed, significant
levels of IL-12p40 were only produced when the animals were treated with CpG (Fig
4.5 A, left panel). N o effect of OVA 3 2 3 . 3 3 9 alone or in combination w ith CpG was
detectable. W hile injection of CpG was able to elicit a small IL-12p70 response,
administration of OVA 3 2 3 .3 3 9 alone did not have any measurable effect on the
production of this cytokine. However, high levels of serum IL-12p70 were detected
when CpG and T-cell feedback acted in synergy (Fig. 4.5 A, right panel). These results
fully confirm finding in a study where an agonistic anti-CD40 antibody (as a surrogate
for activated T cells) was injected in combination with STAg (149). It is important to
point out that theoretically DCs are not the only source of IL-12p40 and p70 in vivo.
However, the fact that activated CD4^ T cells in combination with the recognition of a
PAMP were necessary to induce high IL-12p70 levels in the serum suggests that MHC
class Il-positive cells w hich express the correct pattern-recognition receptor are
involved. Naïve T cells are though to be primed by DCs, which makes them the most
prominent canditates to be responsible for the production of the majority of IL-12p70
found in the circulation in these experim ents. Below, I show that indeed DC
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Injection o f antigen into DO 11.10 m ice diffe re n tiaiiy regulates activation

markers on splenic DC and IL -12 production
DO11.10 mice were injected with antigen and/or CpG. A. Sixteen hours later IL-12p40 (left
panel) and IL-12p70 (right panel) in the sera were measured by sandwich ELISA. Error
bars indicate one SD from the mean of triplicate cytokine measurements. B. At the same
time, surface expression of B7-2 (top row), CD40 (middle row), and l-A'^ (bottom row) on
splenic DC subsets was analysed by FACS. MFI of stainings with the indicated markers on
CD4 CD8o (DN DC, first column), CD4^CD8a (CD4^ DC, second colum n), and CD4'
CD8a^ (CD8a+ DC, third column) gated on live, T 0 -P R 0 3-ne g ative , CD11c^'^^ cells of an
approriate scatter profile are shown. Results are representative of three independent
experiments (A and B).

(see figure 4.5 B on following page)
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In vitro experiments show ed that surface marker expression and IL-12 were

regulated differentially by T-cell feedback. To examine whether this was true in vivo, 1
examined DC subsets from mice used in figure 4.5 A. This revealed that all subsets
responded to both OVA 3 2 3 . 3 3 9 and CpG alone and showed synergistic upregulation of
B7-2, CD40 as w ell as 1-A^ when administered together (Fig. 4.5 B), confirming once
more that DCs are receptive for T-cell signals in the absence of microbial stimulation.
Although in general CD 8 a^ DC increased the expression of all three studied surface
markers to the highest absolute level upon all treatments, the differences to other
subsets cannot account for the differences measured for 1L-I2p70 production.
However, this issue is not at the center of this study and is thus not discussed further.
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As shown earlier in figure 4.4, not only CD4^ T cells were able to signal DCs for
the production of IL-12p70. OT-I T cells were comparable to D O ll.lO T cells in their
IL-12p70 inducing capability when activated in combination with CpG in vitro. To test
whether this result can be reproduced in vivo, OT-I mice were injected with PBS, CpG,
pOVA, or CpG and pOVA. Twelve to 18 hours later, the serum of these mice was
taken and assayed for IL-12p40 and p70. Similar to D O ll.lO mice, OT-I mice only
produced high levels of IL-12p40 when they were injected w ith CpG (Fig. 4.6 A, left
panel). However, in contrast to CD4^ T cells, CDS^ T cells induced some serum IL12p40 even when the mice were immunised with pOVA only. Similar to the scenario
with D O ll.lO mice, the level of IL-12p40 induced by CpG injection was not increased
w ith coadministration of antigenic peptide. In contrast, high levels of IL-12p70 were
found in the serum of OT-I mice only when CpG and pOVA were injected together.
pOVA alone did not trigger detectable levels of serum IL-12p70. Interestingly, the
concentration of IL-12p70 induced by CpG in synergy with agonist peptide for OT-I T
cells was about 7.5-fold higher than in the corresponding condition for D O ll.lO T
cells, although both groups of mice received doses of the relevant peptides that result
in half-maxim al activation of the T cells (data not show n). H ow ever, because
imm unisation of OT-I mice w ith CpG resulted in

6

-fold higher levels of antigen-

independent IL-12p70 than the same treatment of D O ll.lO , the above difference is
probably due to differences in the genetic background of the tw o m ouse strains
(C57BL/6 and BALB/c, respectively) rather than fundamental differences in feedback
strength for IL-12p70 from CD4^ or CDS^ T cells.
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Figure 4.6 Activation o f m onoclonal CD8^ or polyclonal T cells in vivo is not sufficient for
the production o f systemic IL-12p70
A. OT-I mice were injected with antigen and/or CpG. B. W ild-type BALB/c mice were
injected with Staphylococcus enterotoxin B (SEB) and/or CpG. A. and B. Sixteen hours
later IL-12p40 (left panels) and IL-12p70 (right panels) in the sera were measured by
sandw ich ELISA. Error bars indicate one SD from the mean of trip lica te cytokine
measurements. Results are representative of two experiments.
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All experiments described so far in this chapter made use of transgenic T cells. It
could be argued, therefore, that the observed effects are unique to D O ll.lO T cells and
OT-I T cells, respectively, rather than a general feature of new ly activated polyclonal T
cells. To address this issue, wild type BALB/c mice were injected w ith Staphylococcus
enterotoxin B (SEB) and CpG. SEB is a superantigen^\ This molecule binds to MHC
class II molecules on APCs and TCR of

and VPS^, but not other T cells, regardless

of their antigen specificity. Thus, injection of mice w ith SEB leads to the APCsdependent activation of a large fraction of T cells, while avoiding the triggering of the
com plete T-cell repertoire. The pattern of IL-12p40 and p70 regulation in these
experiments was reminiscent of the results derived from experiments with OT-I mice
(Fig. 4.6 B). Again, equally high levels of IL-12p40 were found in the sera from mice
injected with CpG or SEB and CpG, while immunisation w ith SEB induced only a
small response. The production of IL-12p70 was more tightly regulated. While CpG
alone triggers a small IL-12p70 response, high levels of this cytokine are observed only
w hen CpG was administered together with SEB, which on its ow n does not lead a
measurable response for this readout.

Although not all T cells in a mouse get triggered upon injection of SEB, the
activated fraction is still considerably large. Preferably w ould be a system in which a
relatively small T cell population of a defined specificity can be activated in a host
w ith a full repertoire of B and T cells. Adoptive transfer of naïve T cells from TCRtrans genic mice into w ild type hosts of the right MHC haplotype facilitate these
experiments. The number of transferred cells is small in comparison to the total
peripheral T-cell pool to come closer to a physiological situation, but still large enough
(i) to exert a measurable effect on APCs and (ii) to track the T cells' fate. To test

A s for all reagents used in this thesis, SEB w as rigorously tested and found to be free of
endotoxin.
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whether this system is also suitable to study T-cell feedback to DCs in vivo, w ild type
BALB/c mice were adoptively transferred with purified CD4^ T cells from D O ll.lO
mice. The next day, the host mice were immunised with PBS, CpG, OVA 3 2 3 .3 3 9 , or CpG
and OVA 3 2 3 .3 3 9 . Twelve to eighteen hours later, the mice were sacrified and total
splenic DCs purified and stained for FACS analysis, and a blood sample taken to
measure IL-12 levels in the sera. The adoptively transferred D O ll.lO T cells activated
by OVA 3 2 3 . 3 3 9 injection were capable to upregulate B7-2, CD40 and I-A^ surface levels
on total DCs (Fig. 4.7 A). Moreover, there was a synergistic effect with CpG to further
upregulate these surface markers on DCs. Most importantly, the small number of
adoptively transferred T cells was capable to signal to DCs strongly enough to trigger
high IL-12p70 production when the host mice were injected with OVA 3 2 3 .3 3 9 and CpG
(Fig. 4.7 B, lower panel). As expected, CpG alone induced only little IL-12p70 and
OVA 3 2 3 . 3 3 9 none at all. N o significant influence of cognate interaction between D O ll.lO
T cells and OVA 3 2 3 . 3 3 9 presenting DCs in the presence or absence of CpG was detectable
(Fig. 4.7 B, upper panel). Subset-specific analysis of surface-marker regulation in an
identical experiment as described above in figure 4.7, had virtually identical outcomes
as the experiments shown in figure 4.5 B, where D O ll.lO mice were injected directly
w ith the same stimuli (data not shown). Thus, the adoptive transfer of TCR transgenic
T cells is a suitable approach to study antigen-specific T-cell feedback to DCs in vivo.

In conclusion, the phenotypic data from the in vivo experiments are in agreement
w ith the in vitro data. Both CD4^ and CD 8 ^ T cells signal in an antigen-dependent
manner to DCs and synergise w ith microbial stimuli to upregulate costimulatory
molecules as w ell as MHC class II molecules. More importantly, here I demonstrated
for the first time that T cells can modulate the surface phenotype of DCs in the absence
of PAMP recognition, but that for the production of high levels of bioactive cytokines,
such as IL-12p70 and IL-10, the concerted action of both stimuli is necessary.
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Figure 4.7 Low num bers o f CD4^ T cells adoptively transferred into wild-type mice are
capable o f m odulating DCs
Purified DO11.10 CD4+ T cells were adoptively transferred into naïve wild-type BALB/c
mice. The following day, these hosts were immunised with OVA 3 2 3 .3 3 9 pepide and/or CpG.
Tw elve hours later, the mice were killed and spleens and blood sam ples taken. A.
Expression of B7-2 (top panel), CD40 (middle panel), and l-A'^ (bottom panel) on splenic
DCs was analysed by FACS. MFI of the indicated markers gated on live, T 0 -P R 0 3 negative, C D IIc^'^^ cells of the appropriate scatter profile are shown. B. IL-12p40 (top
panel) and IL-12p70 (bottom panel) in the sera was measured by sandwich ELISA. Error
bars indicate one SD from the mean of triplicate cytokine m easurem ents. Results are
representative of two experiments.
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4.2.3 Activated T Cells Increase the Stimulatory Capacity of APCs
Maturation of DCs encom passes phenotypic changes, e.g. upregulation of
costimulatory molecules such B7-2 and CD40, as w ell as functional alterations. To
study whether the regulation of costimulation is reflected in the stimulatory capacity
of DCs, 1 set out on a series of experiments using FI animals heterozygous for the H-2
region. One of their I-A alleles was compatible with a first set of CD4^ T cells which
fed back to the DCs (=> "modulators"), while the other allel was the restriction element
of the second set of CD4^ T cells ("responders"). Preliminary experiments were
performed to establish that the T cells used in these assays (D O ll.lO and 3A9-RAG2''' )
are not alloresponsive to 1-A'^ or I-A^, respectively, to ensure that any response 1
observe is antigen-specific. Neither D O ll.lO nor 3A9-RAG2''^' CD4^ T cells^ responded
to unpulsed DCs from Fl(BALB/c x BIO.BR), BIO.BR or BALB/c mice. Furthermore,
D O ll.lO CD4^ T cells only responded to OVA 3 2 3 . 3 3 9 peptide presented by BALB/c cells
but not by BIO.BR cells, w hile 3A9 CD4^ T cells only responded to HEL4 6 . 6 1 peptide
presended by BIO.BR but not by BALB/c cells (data not shown).

N one of the in vitro assays to measure the effect of T-cell feedback on the
stimulatory capacity of DCs yielded conclusive data. Therefore, I tried to address the
modulation of stimulatory capacity of DCs by activated T cells in vivo. Purified CD4^ T
cells from D O ll.lO donors were adoptively transferred into FI (BALB/c x BIO.BR)
hosts. At the same time, a small number of purified, CFSE-labelled 3A9 T cells were
injected into the same hosts. As measured by flow cytometry, each division of CFSElabeled cells becomes apparent as a 2 -fold reduction in mean fluorescence intensity
(MFI) in the daughter cells. The day after transfer of the two T-cell populations, the
mice were immunised as usual with PBS, OVA 3 2 3 .3 3 9 , CpG, or OVA 3 2 3 . 3 3 9 and CpG, and

3A9

X

RAG2'^‘: hereafter 3A9
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in addition with a dose titration of

an agonistic peptide for 3A9 T cells when

presented on I-A^. The 3A9 T cells can be identified by staining w ith the anticlonotypic antibody 1G12. FACS analysis of the CFSE profiles three days after
immunisation of the hosts showed clear evidence for proliferation of 3A9 T cells in the
spleen at lower doses of

(Fig. 4.8 A, arrows second row) w hen D O ll.lO T cells

were activated by OVA 3 2 3 .3 3 9 . Moreover, although the repercussion of D O ll.lO T-cell
activation on the proliferation of 3A9 T cells was not as pronounced as the effect of
CpG injection (third row), it was readily detectable over the w hole dose range of
HEL4 6 .6 1 tested here. Importantly, activation of D O ll.lO T cells can exert its effect on
DCs in the absence of microbial stimulation. These findings are in accord with the
demonstration of functional cooperation between two populations of naïve CD4^ T
cells stim ulated by the same AFC, rendering otherw ise silent T-cell epitopes
immunogenic (481). Combination of OVA 3 2 3 .3 3 9 and CpG was most potent in enhancing
3A9 T-cell proliferation. The synergy between the two stimuli is most effective at low
HEL4 6 .6 1 doses (arrow fourth row). Notably, at the highest antigen dose 3A9 T cells in
m ice w hose treatment did not include CpG went through many rounds of division
(first and second row, fourth column) without generating a large pool size (data not
shown). Their CFSE profile indicates that the transferred cells proliferated rapidly in a
single burst (and then possibly died), while the corresponding cells in mice treated
w ith CpG appear to cycle less rapidly and less synchronous (third and fourth row,
fourth column). This is consistent w ith reports that T cell stimulated in vivo in the
absence of endotoxin initially proliferate vigorously and then rapidly die (234). It is
important to take into consideration that this is only indirect evidence for signals from
D O ll.lO T cells to APCs to increase their potency to activate naïve T cells. It could well
be that the D O ll.lO T cells support the 3A9 T cells directly for example by secretion of
IL-2, instead of providing help via feedback activation of the AFC, as it came apparent
in the experiment shown in figure 4.5 B. This is one of the major disadvantages of this
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in vivo system. Here, the conditioning phase and the readout phase ("assaying") are
synchronous and identical, and therefore the modulating T cells (here D O ll.lO T cells)

are present during the entire experiment. In contrast, in the in vitro experiments the
conditioning and assaying of the DCs was done sequentially. This also provides an
opportunity to arrest the conditioned DCs in their current status by chemical fixation
(see Supplementary Data).

Figure 4.8 Activated CD4^ T cells increase the stimulatory capacity of APCs in vivo
A. Purified DO 11.10 T cells and low num bers of A P C -depleted, C FS E -labelled T cells
purified from 3A9 mice were adoptively transferred into F1 (BALB/c x B10.BR) mice. The
following day, mice w ere injected with O VA 3 2 3 .3 3 9 and/or CpG (row labels), in combination
with the indicated doses of HEL^g-si (column labels). Three days later, proliferation of 3A9
cells was assessed by FACS analysis of splenocytes. C FS E -histogram s of 3A9 cells are
shown (gated on CD4^1G12‘"V(38 TCR+ cells with the appropriate scatter profile). Results
are representative of three independent experim ents. B. Purified OT-I I T cells and low
num bers of C FS E -labelled OT-I T cells were adoptively transferred into naïve C57BL/6
mice. The follow ing day, mice w ere injected w ith or w ith o ut O V A 3 2 3 . 3 3 9 (row labels), in
co m b ina tio n w ith the in d icate d doses of pO V A (colum n la b els). T h re e days later,
proliferation of OT-I T cells was assessed by FACS analysis of splenocytes. CFSE vs Va2
TC R density plots are shown (gated on CD4'8^ cells with the appropriate scatter profile).
Results are representative of three independent experim ents.

(see figures 4.8 A and B on following pages)
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Provision of help by CD4^ T cells is thought to be important for the activation of naïve
CTL precursors. To test whether cognate feedback from new ly activated naive CD4^ T
cells increases capacity of APCs to stimulate of CD 8 ^ T cells without the need for a
microbial stimulus, C57BL/6 host mice were grafted w ith purified CD4^ cells from
OT-II donor mice and purified CFSE-labelled T cells from OT-I donors. Similar to the
previous experiment, the hosts were immunised the next day with PBS or OVA 3 2 3 .3 3 9 ,
in combination with a dose titration of pOVA^. Three days later, the CFSE profiles of
CD4'CD8^ Va2 TCR^ cells in the spleen was analysed by FACS. Activation of OT-II
cells by co-administration of OVA 3 2 3 . 3 3 9 augmented the antigen-specific proliferation of
OT-I cells markedly over the whole pOVA dose range tested here (Fig. 4.8 B). There is
a dim inutive population of Va2 TCR+ cells which have apparently run through one
round of cell division in host mice which did not receive any pOVA. Subsequent
experiments showed that this is an artefact, presumably representing dead or dying
cells (data not shown). The large population of CFSE Va2 TCR^ cells consists of
endogenous CD 8 ^ T cells from the normal C57BL/6 repertoire as w ell as a few CD 8 ^ T
cells bearing the OT-II TCR. The OT-II mice used for this study were not bred on a
RAG

or scid background. FACS analysis of cells from secondary lymphoid organs

from OT-II mice revealed that a significant fraction of Va2V|35 TCR-bearing cells are
CD 8 ^ and not CD4^ (data not shown).

^ OT-I and OT-II T cells both bear a Va2VpS TCR, and are CD8^ and CD4^, respectively. D O ll.lO
and OT-II T cells share the amino acids 323-339 of ovalbumin as an agonistic peptide, and are
restricted by I-A‘^and I-A^ respectively.
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4.2.4 Stringent Requirements of DCs for Cognate T-Cell Feedback for the
Production of Bioactive IL-12p70
A crucial question regarding the specificity of T-cell feedback was not addressed
so far in any of the previous experiments. Does T-cell feedback to DCs require cognate
cis interaction or is it also effective in an "unspecific" manner in tran s, i.e. can an

activated T cell signal to a DC that does not present the relevant peptide? Such
bystander activation of DCs could be detrimental or even dangerous. However, it is
difficult to envisage a w ay in which such trans signalling could be avoided. To test
whether DCs which do not present an agonistic peptide for a given T cell are receptive
for signals from this previously activated T cell, I designed experiments using two
preparations of DCs from MHC-mismatched donors, where only one of the two DC
populations is capable of presenting an offered peptide and hence stimulate peptidespecific T cells. Equal numbers of splenic DCs purified from BALB/c (H-2‘^) and
BIO.BR (H-2^) mice were mixed with CD4^ T cells isolated from D O ll.lO mice. The
cells were then cultured overnight with a dose titration of OVA 3 2 3 . 3 3 9 w ith or without
CpG. D O ll.lO T cells can only be activated when OVA 3 2 3 . 3 3 9 is presented by I-A^ on
BALB/c cells but cannot be triggered by BIO.BR DCs, which express I-A^ (data not
shown). Interestingly, both presenting BALB/c (FACS analysis gating on I-A^^ cells)
and non-presenting BIO.BR (gating on I-A^^ cells) DCs upregulated B7-2 in an antigen
dose-dependent manner (Fig. 4.9 A). Once more, activated T cells send signals that are
received by DCs independently of microbial stimulation. The antigen-dependent
upregulation of B7-2 on DCs from both m ouse strains is less pronounced in the
presence of CpG, presumably because the starting level is already closer to saturation.
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Figure 4.9 DCs require cognate T-cell feedback to secrete bioactive IL-12
A. Equal num bers of splenic DCs purified from BALB/c (H -2‘^) and B10.BR (H-2'') mice
were cocultured with DO 11.10 T cells in the presence (filled sym bols) or absence (open
sym b o ls) of CpG and g raded doses of O V A 3 2 3 .3 3 9 . A fte r o ve rn ig h t incubation, the
expression of B7-2 on the surface of BALB/c (circles) and B10.BR (squares) DCs was
analysed by FACS. MFI of stainings with anti-B7-2 a n tib o dy of H-2''' (BALB/c) or H-2 ''^
(B 10.B R ) cells are show n, gated on live, T 0 -P R 0 3 -n e g a tiv e , C D U c '’'®'’ ce lls of an
approriate scatter profile. Results are representative of tw o independent experim ents. B.
Purified DCs from B10.BR (H-2'') mice (circles) w ere m ixed with equal num bers of DCs
from IL-12p40'^' (open sym bols) or w ild-type (filled circles) mice on a BALB/c background
(H-2"). A dditional sam ples contained equal num ber of IL-12p40'^' and w ild-type BALB/c
DCs (squares). These m ixtures were cocultured overnight with D O 11.10 T cells and the
indicated doses of O VA 3 2 3 .3 3 9 in the presence of CpG. IL-12p40 (upper panel) and IL-12p70
(low er panel) in the supernatant were measured by sandw ich ELISA. Error bars indicate
one SD from the mean of triplicate cultures. Results are representative of two independent
experiments.

(see figure 4.9 on previous page)

As show n earlier in this chapter, production of IL-12 triggered by microbial
stim uli and T-cell feedback is more tightly controlled than surface-marker
upregulation. To test the requirements for cognate (versus non-cognate) T-cell
interaction for the secretion of IL-12p70 by DCs, experiment using MHC mismatched,
IL-12-sufficent and -deficent DCs were carried out, similar to the assays described
above. Splenic DCs purified from BIO.BR mice (H-2'^) w ere m ixed 1:1 w ith
corresponding cells from either IL-12p40'^' mice^^ on a BALB/c background (H-2'^), or
IL-12p40^^^ (wt) BALB/c mice. These mixed DC preparations were then cocultured

These mice carry a w ild type gene coding for IL-12p35, but a nonfunctional gene for the p40
subunit. Thus, these mice cannot produce the bioactive IL-12p70 heterodimer.
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with purified CD4^ T cells from D O ll.lO mice w ith CpG^ and a dose tritation of
OVA3 2 3 .3 3 9 . After overnight incubation the culture supernatants were assayed for IL12p40 or heterodimeric, bioactive IL-12p70. As expected, all sam ples produced
significant levels of IL-12p40, even when D O ll.lO T cells were not activated (0 nM
OVA3 2 3 .3 3 9 ) (Fig. 4.9 B, upper panel)^^. More importantly, no significant amount of IL12p70 was detected even at the highest antigen dose if the presenting DCs were not
genetically capable of producing IL-12p40 (Fig. 4.9 B, lower panel, open circles). This
very striking finding was not due to limiting numbers of presenting DCs for D O ll.lO
T-cell activation, because offering two doses of presenting cells (IL-12'^'-BALB/c + wt
BALB/c, squares) did not increase the amount of IL-12p70 compared to samples with
IL-12 "^"-BALB/c + BIO.BR DCs (filled circles). Thus, T-cell feedback can act in cis or
trans to modulate B7-2 and CD40 expression by DCs but only contributes to cytokine

production in cis.

To examine cis and trans feedback in vivo, chimeric mice were generated using
bone marrow from BIO.BR mice mixed w ith bone marrow from either IL-12p40'^'BALB/c or wt-BALB/c mice injected into lethally irradiated BIO.BR hosts ("IL-12'/'
BIO.BR" and "wt

BIO.BR", respectively). These mice were tested for chimerism and

shown to have H-2'^ and 14-2*^ DC populations of comparable size and phenotype

6 -8

w eeks after reconstitution (data not shown). In a first experiment, groups of wt
BIO.BR chimeras were adoptively transferred with purified D O ll.lO T cells and the
follow ing day injected as usual with PBS, OVA 3 2 3 .3 3 9 , CpG, or OVA 3 2 3 . 3 3 9 and CpG.
Twelve to 18 hours later, splenic DCs of donor (BALB/c, H-2^) or host (BIO.BR, H-2^)

^ Culture conditions without CpG were ommited, because I demonstrated earlier that production
of IL-12p40 or IL-12p70 by DCs is strickly dependent on stimulation with a PAMP.
^ Somewhat surprisingly, the level of IL-12p40 increased in parallel with the antigen dose when
the H-2"^ cells w ere w ildtype. Previous experim ents sh ow ed no evidence for IL-12p40
production being under the influence of antigen-specific T-cell feedback. To date, I do not fully
understand this phenomenon but it is currently under further investigation.
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origin were analysed for the expression of activation markers. Matching the result in
vitro, cells of both origins upregulated B7-2 and CD40 upon injection of OVA 3 2 3 .3 3 9 into

the chimeras, independent of treatment w ith CpG (Fig. 4.10). The peptide antigen
synergised with CpG in its ability to induce an increase in the surface expression levels
of B7-2 and CD40 on H-2^^ and H-2’^'^cells. Nonpresenting H-2^ cells were modulated
to a slightly lower degree than presenting H- 2 ^ cells under most conditions.
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Figure 4.10 Noncognate, antigen-dependent T cell-signals modulate DCs in vivo
Purified D O ll. lO T cells were adoptively transferred into mixed bone-m arrow chimeras
(BALB/c + BIO.BR

BIO.BR). The next day, host mice were injected with OVA 3 2 3 .3 3 9

and/or CpG. Twelve hours later, the expression level of B7-2 (upper panel) and GD40
(lower panel) on splenic DCs of host (BIO.BR, H-2'^''^ => nonpresenting, white bars) or
donor (BALB/c, H-2 ^^''' => presenting, black bars) origin was analysed by FACS. Fold
increase over MFI from controls (PBS) of the indicated markers on

(white bars) and

cells gated on CDIIc^'^^ cells of the appropriate scatter profile are shown. Results
are representative of three independent experiments.
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In a second experiment, D O ll.lO T cells depleted of APCs were adoptively
transfered into IL-12 ''"

BIO.BR and wt —> BIO.BR chimeras. The following day, these

mice were treated as above. Nine to twelve hours later, their blood sera were assayed
for 1L-I2p40 and 1L-I2p70. As expected, significant levels of 1L-I2p40 were produced
when the mice received CpG (Fig. 4.11 A, upper panels), and no further increase in IL12p40 was observed when OVA 3 2 3 .3 3 9 was coadministered with CpG. In w t

BIO.BR

chimeras the induced 1L-I2p40 levels were roughly twofold higher than in lL-12'^'
BIO.BR chimeras, reflecting twice the number of DCs capable of producing 1L-I2p40.
More interestingly and confirming earlier results in vitro, T-cell feedback for 1L-I2p70
production is only effective in cis but not in trans (Fig. 4.11 A, lower panels). lL-12"^" —>
BIO.BR hosts had no elevated levels of 1L-I2p70 w hen immunised w ith a mixture of
CpG and antigen compared to injection of CpG alone. However, in w t ^

BIO.BR

chimeras the same treatment resulted in a significant increase in 1L-I2p70 in
comparison to CpG administration.

1 was particularly interested in IL-12 production by DCs as they are uniquely
capable of priming naïve CD4^ T cells and presumably simultaneously instructing Thelper cell polarisation. H ow ever, the 1L-I2p40 and p70 serum levels from
experimental animals shown in figure 4.11 A are summations of all cellular sources, as
discussed earlier. Therefore, splenic DCs of BALB/c (H-2^) and BIO.BR (H-2^) origin
from the same experimental wt —> BIO.BR chimeras as show n in figure 4.11 A (right
panels) were FACS-sorted and their total RNA isolated. Quantitative RT-PCR analysis
revealed that both presenting BALB/c and nonpresenting BIO.BR DCs expressed IL12p40 when isolated from mice injected with CpG or CpG + OVA 3 2 3 . 3 3 9 (Fig. 4.11 B,
upper panel). The amount of m essage for the p35 unit of IL-12 isolated from DCs
correlates w ell w ith production of heterodimeric 1L-I2p70 by these cells (149).
Therefore, 1 performed the same quantitative PCR analysis for p35. In full agreement
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with the previous results, only H-2^ (donor-derived) but not H- 2 *^ (host-derived) DCs
expressed m essage for IL-12p35 in a strictly antigen- and CpG dependent manner.
This is not because host-derived cells fail to respond to CpG. In fact, H-2^ cells
contained more m essage for IL-12p40 than H-2^ cells^. For highest levels of p35
message, both OVA 3 2 3 . 3 3 9 and CpG were required. Thus, signals from activated CD4^ T
cells are only effective in cis (but not in trans) for the induction of IL-12p35 message in
PAMP-stimulated DCs.

Figure 4.11 D C require cognate T-cell signals to produce bioactive IL-12 in vivo
Purified D O ll. lO T ceils w ere adoptively transferred either into (w t-BALB/c 4 - BIO.BR
BIO.BR) or (IL-12p40^-B A LB /c + BIO .BR -> BIO .BR) m ixed bone-m arrow chim eras. The
next day, host m ice w ere injected with O V A 3 2 3 - 3 3 9 a nd /or CpG . Nine hours later, blood
sam ples were taken and splenic DCs isolated. A. IL-12p40 (upper panels) and IL-12p70
(low er panels) in blood sera from w t-B A LB /c + BIO .B R -> B IO .B R (right panels) and IL12p40'^'-BALB/c + BIO .BR

BIO.BR chim eras (left panels) was m easured by sandwich

ELISA. Error bars indicate one SD from the mean of triplicate cytokine m easurem ents. B.
RNA from FA C S -sorted DCs of host (B IO .B R ,

=> nonpresenting, w hite bars) or

donor (BALB/c, H-2'^^''‘ => presenting, black bars) origin w as isolated, and analysed for IL12p40 (upper panel) and IL-12p35 (low er panel) m essa ge by q u a n tita tive RT-PCR.
Results from w t-B A LB /c + BIO .BR

- 4

BIO.BR chim eras used in A are shown. Results are

representative of two independent experim ents (A and B).

(see figure 4.11 on next page)

27 This is somewhat surprising given the result shown in figure 4.9. However, here (Fig. 4.14 B), I
measure (i) message rather then protein and (ii) only look at the DC response at one particular
antigen dose.
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The third readout for activation of DCs investigated in this study is stimulatory
capacity for naïve T cells. Previous in vivo experiments show ed that new ly activated
CD4^ T cells were capable of augmenting the activation of a second population of
naïve T cells when agonistic peptides for both T cells are presented by the same AFC
(T-cell feedback in cis). Phenotypic activation of DCs by feedback signals is also
effective in tran s, but it is not certain whether signals from activated T cells can
modulate non-presenting APCs in vivo in terms of their ability to prime naïve T cells.
To study this, lethally irradiated BIO.BR mice were grafted either with bone marrow
from BALB/c and BIO.BR mice or from FI (BALB/c x BIO.BR) mice^. Six to eight
weeks later host mice were tested for chimerism and used in the following experiment.
Chimeras from both groups were adoptively transferred with APC-depleted D O ll.lO
T cells and a small number of purified, CFSE-labelled 3A9 T cells. The next day, these
mice were immunised with PBS, OVA 3 2 3 .3 3 9 , or CpG and OVA 3 2 3 .3 3 9 , in combination
with a dose titration of

Three days later, the CFSE profile of 3A9 CD4^ T cells

in the spleen was analysed by FACS. Activating the transferred D O ll.lO T cells by
injection of OVA 3 2 3 . 3 3 9 into BALB/c + BIO.BR

BIO.BR chimeras enabled proliferation

of 3A9 T cells at lower doses of HEL^^.ei as compared to controls (Fig. 4.12, arrows
second row). At low HEL^^-ai doses, this trans effect w as similar in strengh to the cis
effect observed in FI (BALB/c x BIO.BR)

- 4

BIO.BR chimeras (fourth row). Only at

higher antigen doses and when OVA 3 2 3 . 3 3 9 was coadministered with CpG, 3A9 T cells
proliferated more vigorously in FI (BALB/c x BIO.BR)

BIO.BR chimeras. The

number of activated D O ll.lO T cells and their degree of activation was identical in
both groups of chimeras (data not shown), thus the feedback dose (strength of signal)
is equal in both groups. This is obviously not sufficient proof that the effect in trans is
due to modulation of APCs. T-cell growth factors such as IL-2 could have a short

28

BALE/c + BIO.BR

BIO.BR ("trans"), and Fl(BALB/c x BIO.BR) —> BIO.BR ("cis"), respectively.
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action radius, favouring stimulation of T cells interacting with the same APC (in cis) as
the IL-2-secreting cell. As outlined in the Supplementary Data section, I tried to separate
the conditioning of DCs from assaying their ability to stimulate naïve T cells. This
prevents that the two T-cell populations influence each other. The DC would act as a
"temporal bridge" between the two T cells, as suggested for the provision of help for
cytotoxic T cells (164). Any difference observed in the readout phase w ill therefore be
indicative for differential activation states of the DCs. Unfortunately, results form
experiments using this approach were not conclusive (Figs. 4.14 and 4.15). Ruedl et a l
successfully employed a similar system, addressing feedback from CD 8 ^ T cells (174),
and thereby demonstrating the validity of this approach in principle. Attempts to
solve this problem w ith small modifications of the experimental procedures are
currently under way.

Figure 4.12 Activated CD4^ T cells increase the stimulatory capacity of APCs in vivo in cis
and trans

Purified D O ll.lO T cells and low numbers of APC-depleted, CFSE-labelled T cells purified
from 3A9 mice were adoptively transferred into BALB/c -i- BIO.BR
FI (BALB/c X BIO.BR)

BIO.BR ("trans") or

BIO.BR ("cis") mixed bone-marrow chimeras. The following day,

mice were injected with OVA3 2 3 . 3 3 9 and/or CpG (row labels), in combination with the
indicated doses of HEL4 6 .6 1 (column labels). Three days later, proliferation of 3A9 cells was
assessed by FACS analysis of splenocytes. CFSE-histograms of 3A9 cells are shown
(gated on CD4^1G12^VP8 TCR+ cells with the appropriate scatter profile).
(see figure 4.12 on next page)
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D ISC U SSIO N

The priming of effective T-cell responses from naïve precursors requires not only
presentation of the relevant peptide/M H C complexes, but further signals in the form
of costimulatory molecules and factors polarising T cell differentiation (signals 1, 2 and
3, respectively). A ll these inform ations are provided by antigen-bearing, fully
activated DCs (229). To reach this highly competent state, DCs need to recognise
evolutionary conserved structures associated w ith pathogens w hich generally
coincides w ith the uptake of the actual antigen. After this key event, DCs gain the
ability to stimulate naïve T cells. However, DCs do not transmit all their information
to T cells, unless the new ly activated T cells signal back to the DCs, the former giving
the latter their consent to reveal the m issing instructions, nam ely differentiation
signals in the form of polarising cytokines and other molecules (7,149).

Here, I ask what the consequences of signalling from activated T cells to DCs are.
More specifically, I wonder whether DCs that have not been "primed" by a microbial
stimulus are receptive for such signals, or whether they are ignorant of them. I find
that both CD4^ and CD8^ T cells can p ositively regulate the expression of
costimulatory molecules on DCs indepentent from PAMPs. Furthermore, CD4^ T cells
are able to autonom ously augm ent the capacity of DCs to stimulate naïve T cells.
However, neither CD4^ nor CD8^ T cells can overrun the DCs' requirement for
recognition of PAMPs in the secretion of bioactive IL-12. The most salient finding here
is that there is an additional strict obligation for the T cell-DC interaction being
cognate to be effective in supporting IL-12p70 production. In contrast, noncognate Tcell signals are sufficient to m odulate the level of costim ulatory m olecules and
stimulatory capacity of DCs, both in the presence or absence of PAMPs. All these
findings are supported by in vitro and in vivo data, with the exception of assessment of
the DC stimulatory capacity, where only in vivo experiments were conclusive. It was
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debatable so far whether the levels of "feedback receptors" such as CD40 on immature
DCs that were not stimulated by a microbial product are high enough to be effective in
sensing a signal, but I assume they are, at least some of them. Otherwise it is difficult
to explain my findings that DCs are receptive for signals from activated T cells without
microbial stimulation. It is conceivable that the PAM P-independent modulation of
DCs by activated T cells is an artefact caused by exceedingly high antigen-doses and
hence, very high signal strength. This might apply to results from a study suggesting
that administration of superantigens causes T-cell autonomous modulation of splenic
DCs (482). However, the fact that in my experiments T-cell feedback is effective over a
wide antigen-dose range does not support this interpretation.

Given that only provision of signal 3 by DCs is strictly dependent on both the
recognition of PAMPs and cognate signals from activated T cells, one might suggest
that spatially and kinetically inappropriate expression of signal 3 mediators is
particularly detrimental, if not dangerous. For example, exceedingly high levels of
system ic IL-12 cause severe, potentially fatal im m unop athology (243, 244).
Furthermore, it seem s plausible that the host organism has to be able to
sim ultaneously support a Thl type response against pathogen A and a Th2 type
response to control pathogen B. Thus, it is indispensable that the delivery of T helperpolarising cytokines (and other factor serving similar functions) is carefully regulated
both in time and space. Interestingly, IL-12p70 production by DCs is indeed very
tightly controlled. In vitro experiments showed that m essage for both IL-12 subunits
(and other DC cytokines) is only generated during a short w indow after PAMP
stimulation (241). In addition, withdrawal of a T-cell feedback surrogate in the form of
CD40L-expressing fibroblasts from CpG-stimulated DCs immediately stalls the de novo
secretion of IL-12p70 (A. D. Edwards, personal communication), similar to the rapid
onset and cessation of effector cytokine secretion by CTLs upon contact and
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dissociation from antigen-bearing targets (483). The requirement for cognate T-cell
signals thus imposes an additional safeguard upon the production of bioactive IL-12
by DCs. In contrast, increased expression of costimulatory molecules and augmented
capacity to stimulate naïve T cells might be permissible. Although T cells that are
stimulated in the absence of inflammatory cytokines initially proliferate extensively,
they do not gain effector functions and in fact become tolerised (234, 484). Thus, it is
important to point out that the demonstration of T-cell proliferation from naïve
precursors does not imply by inference the initiation of an effective T-cell response.
However, this does not invalidate the finding that activated T cells can modulate DC
properties in the absence of microbial stimulation.

In the light of other work performed in the Immunobiology Laboratory and
elsewhere, it was suprising that production of IL-12p70 by CpG-stimulated DCs
requires antigen-specific interaction with T cells. These in vitro studies convincingly
demonstrated that PAM P-stimulated DCs cultured on monolayers of fibroblasts
expressing CD40L secreted high levels of bioactive IL-12 (149, 150, 178). Such an
experimental system is clearly reminiscent of noncognate, contact-dependent T cellDC interactions, hence the DCs should refrain from the production of helper T cellpolarising cytokines. I can only speculate that this "ectopic" IL-12 expression is caused
by the overexpression of CD40L on the fibroblasts. Of note, peak surface expression of
CD40L on primary activated T cells is several orders of magnitude lower compared to
the levels on transfected fibroblasts (data not shown). The question then remains of
how DCs can distinguish between cognate and noncognate interactions with activated
T cells? When there are soluble factor secreted by activated T cells capable of
modulating DCs that are not directly interacting with these T cells, these signals must
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obviously be interpreted as noncognate^’. H owever, more elaborate dicriminatory
mechanisms must be in place in cases where activated T cells are in physical contact
with DCs and may do or do not bear a TCR specific for an antigen presented by the
DCs. The only specific determinant on antigen-bearing DCs that is absent on
nonpresenting cells is the agonistic peptide/M H C complex for which the T cells are or
are not specific. It is unlikely, though not impossible, that significant signalling occurs
through MHC m olecules into the DC upon cognate ligation by a TCR. One report
suggested that ligation of MHC class II triggers IL-12 production by DC (177).
However, so far such reverse signalling through MHC class II has only been described
in B cells (485-487). DCs do not express the necessary accessory molecules for such
signalling (487). Surface molecules expressed by activated T cells such as CD40L or
secreted factors such as TNFa are known to have stimulatory effects on DCs but could
presum ably ligate the relevant receptors on any cell, regardless if they display
agonistic peptide/M H C com plexes or not. The form ation of a supramolecular
structure known as the immunological synapse formed at the interface between APCs
and T cells upon cognate interaction could solve this problem (488). In the
immunological synapse, peptide-loaded MHC molecules and costimulatory molecules
congregate in a central area surrounded by a concentric ring of adhesion molecules.
This creates locally high densities of these molecules over prolonged periods of time,
(i) augmenting TCR occupancy through rebinding effects and enhancing biochemical
crosstalk among these clustered receptors, and (ii) facilitating signalling by bringing
accessory m olecules in close proxim ity of TCRs. Interestingly, T cells actively
redistribute their microtubule-organising center tow ards the contact zone with
antigen-bearing cells, but not w hen the relevant peptide is not presented (489).
Proteins exported to the cell surface or secreted by the T cell thus achieve their highest

The nature of the factor derived from activated T cells that is m ediating DC modulation is the
subject of chapter 5.
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concentration at the site of cell-cell contact (490, 491). Thus, it has been proposed that
the synapse facilitates the targeted delivery of soluble molecules or T-cell effector
functions in general (492). This augments receptor-ligand interaction and diminishes
the likelihood of exposing nearby cells to any exported mediators (493). It seems likely
that such a mechanism can also be employed for selective delivery of feedback signals.
Either initially equally-distributed T-cell surface molecules relocate and accumulate at
the interface with the antigen-bearing DC, thereby reaching the threshold density to
become effective, or the soluble and/or membrane bound factors are directly exported
to the zone of contact from intracellular sources. The antigen-dependent kinetic
segregation of ligand-receptor pairs based on their dimensions w ill create a particular
"signalling milieu" not only on the T cell side (344) but also on the DC side. This could
allow certain DC signalling events to take place only in situations of cognate contact^.
Other T-cell signals and the corresponding DC receptors might not need to be focally
concentrated, also allowing effective signalling upon noncognate interations. Another,
not m utually exclusive mechanism from the one described above to ensure the
exclusive delivery of T-cell signals in cognate interactions w ith DCs could be the
aforementioned rapid onset and termination of cytokine production when engaging
and disengaging from an antigen-bearing cell (483). In this system, the T cell, albeit
activated, does not signal to the DC unless it is in cognate contact with it. However,
there is no experim ental evidence so far that this could indeed take place for
"feedback" signals (as oposed to bona fide effector molecules). In addition, the signals
still w ould need to be targeted towards the antigen-presenting DC, to accomodate for
the data show n in figure 4.9 B, where non-presenting DCs in the immediate vicinity (if
not in direct contact) do not secrete IL-12p70. Regardless of the exact mechanisms
employed by DCs and T cells to accomplish these discriminatory capacities, they are a
^ The same or a similar mechanism could mediate the effect that costimulatory molecules are only
effective w hen they are expressed on the same APC that presents agonistic peptide/M H C
complexes (494).
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great example of the versatility of the cellular imm une response, able to provide
immune surveillance while reducing systemic immunopathology. The exact functional
implications of my findings for the priming and differentiation of naïve CD4^ T cells as
well as CTL function remain to be established.
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SUPPLEMENTARY DA TA
As pointed out in the results section, attempts to study the effect of T-cell

feedback on the stimulatory capacity of DCs in vitro yielded no conclusive data.
Nevertheless, for the sake of completeness, here I describe these experiments. The
assays were were split in two phases. During the initial "conditioning" phase, one set
of T cells were stimulated by splenic DCs and then supposedly fed back to them. In
the second "readout" phase of the experiment, these conditioned DCs were used to
stimulate a new set of naïve T cells (bearing TCRs specific for a different antigen). For
the conditioning phase, I used purified CD4^ T cells from D O ll.lO spleens as
"modulators" for splenic DCs from FI (BALB/c x BIO.BR) mice. Cocultures of T cells
and DCs were left untreated or stimulated w ith CpG, OVA 3 2 3 . 3 3 9 peptide or the
combination of both. After overnight culture, the cells were harvested, fixed with 1%
paraformaldehyde, washed and then cocultured with purified, APC-depleted CD4^ T
cells from 3A9 spleens in a dose titration of HEL^^-ai peptide (readout phase). After two
days the cultures were pulsed with ^H-thymidine. T-cell proliferation was assessed
after a further 14 hours incubation by measuring ^H-thymidine uptake. Whereas the
cells that were cultured without either CpG or OVA 3 2 3 . 3 3 9 served as the baseline
sample, cultures w ith CpG should have formed the "positive controls", i.e. exhibit a
significantly higher stimulatory capacity than the untreated cells, a prediction in
concordance w ith the phenotypic data show ing upregulation of costimulatory
m olecules (Fig 4.3 B). As show n in figure 4.13 A, all culture conditions yielded
virtually identical stimulatory capacities of FI (BALB/c x BIO.BR) DCs for 3A9 CD4^ T
cells. The complete failure of CpG to improve the stimulatory capacity of the cultured
DCs was very surprising and in contrast to many reports in the literature using other
microbial stimuli (100, 184, 495). Although I used relatively mild conditions to fix the
DC-T cell cocultures after the conditioning phase, this could have led to a
unfavourable alteration of the costimulatory molecules and other molecules important
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in T-cell stimulation that were expressed on the conditioned DCs. This might has
masked or made irrelevant any modulation in the stimulatory capacity of the DCs
induced by the differential culture conditions. However, it is crucial to ensure that any
^H-thymdine incorporation measured in the readout phase stems exclusively from
proliferating 3A9 T cells ("responders") and not from cycling D O ll.lO T cells
stim ulated in the primary conditioning culture. Therefore, using a treatment that
inhibits any further S-phase is necessary. To solve this problem I repeated similar
experiments as above, with y-irraditation instead of chemical fixation of the DC-T cell
cocultures after overnight culture. Additional aliquots of DCs were cultured without
any T cells in the presence or absence of CpG during the conditioning phase, to test if
the sheer presence of T cells has an effect on the DCs. Before pulsing the 3A9 T cells
with ^H-thymidine, samples of the culture supernatant were taken and assayed for IL2. As show n in figure 4.13 B, signals from activated D O ll.lO T cells augmented the
stimulatory capacity of DCs about 6 -fold as measured by ^H-thymidine incorporation
(upper panel). However, CpG again failed to induce any similar effect, even in
combination w ith activated T cells. Interstingly, DCs cultured w ithout any T cells
during the initial conditioning phase were far inferior in stimulating 3A9 CD4^ T cells
compared to control cells. Again, in the absence of T cells, CpG w as not capable of
restoring "baseline" stimulatory capacity of T cells. What could be the reason for this
observed inferiority? Similar to T cells requiring contact to self peptide/M HC on APCs
for their survival (398), DCs might need T cell-derived cell-bound an d /or soluble
factor for their maintenance. An in vivo study suggests that DCs derived from T celldeficient mice have defects in T-cell stimulation and are present in reduced numbers,
implicating that T cells are crucial for normal DC developm ent and function (183).
Overnight culture of DCs in vitro in the absence of T cells could result in a similar
defects or even the premature death of DCs.
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Figure 4.13 Assessment of the stimulatory capacity of in vitro-conditioned DCs
A. FI (BALB/c X B10.BR) DCs and DO11.10 T cells were cocultured with antigen and/or
CpG. After overnight incubation, harvested cells were fixed with paraformaldehyde and
used to present graded doses of HEL4 6 . 6 1 to naïve, APC-depleted 3A9 T cells. After 48
hours of secondary culture, proliferation was assessed by measuring ^H-thymidine
incorporation during additional 14 hours of culture. B. FI (BALB/c x BIO.BR) DCs and
D O ll.lO T cells were cocultured with antigen and/or CpG. Additional aliquots of DCs were
cultured without T cells in the presence (closed diamonds) or absence (open diamonds) of
CpG. After overnight incubation, harvested, washed cells were y-irradiated and used to
present graded doses of HEL^g gi to naïve, APC-depleted 3A9 T cells. After 48 hours, IL-2
in the supernatant was measured by sandwich ELISA (lower panel). Proliferation was
measured as in A. Error bars indicate one SD from the mean of triplicate cultures. Results
are representative of two experiments. Symbols indicate culture conditions during the
conditioning phase of the experiment: Open circles, control; open squares, OVA3 2 3 .3 3 9 ; filled
circles, CpG; and filled squares, OVA3 2 3 . 3 3 9 + CpG.
(see figure 4.13 on previous page)

Irradiation of the DC-T cell coculture after the conditioning phase has two major
disadvantages over chemical fixation with paraformaldehyde. First, such an procedure
w ill obviously not rule out that the DCs continue to be receptive for feedback signals
from fresh T cells in the secondary readout culture of the experim ent.
Paraformaldehyde treatment on the contrary conserves the current state of the cells
permanently. Second, the CD4^ T cells activated during the primary conditoning
phase are still viable and and capable of secreting growth factors such as lL-2. This
could obviously influence the survival and proliferation of CD4^ T cell used during the
readout phase. As show n in the lower panel of figure 4.13 B, some cells in the readout
cultures from samples that received OVA 3 2 3 .3 3 9 peptide in the conditioning phase
produce high levels of lL-2 even in the absence of ITEL^^.ei- The lL-2-producing
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population consists most probably of D O ll.lO CD4^ cells from the primary culture
and not of newly activated 3A9 T cells, since there is no nominal antigen present at the
first data point (0 nM

High starting levels of IL-2 could also be responsible

for the slightly but significantly higher levels of background proliferation observed for
the samples receiving OVA 3 2 3 .3 3 9 in the primary cultures. H owever, even when taking
this higher "background" proliferation into account, cognate T-cell feedback to DCs
does increase their stimulatory capacity. An alternative to fixation or y-irradiation of
the DC-T cell coculture after the conditioning phase w ould be to repurify the DCs by
separating them from the T cells. However, it turned out to be unfeasible in practise to
obtain sufficient numbers of DCs after mixed overnight culture. M oreover, any
residual contamination with activated T cells from the conditioning culture w ould
appear as a false positive signal in the ^H-thymidine assay, w hich w ould be
missleading especially at low

doses.

The aforem entioned problem of spontaneous m aturation of DCs in vitro
obviously becomes more pronounced in two-phase experiments as show n above. To
circum vent these drawbacks, experim ents w ere d esig n ed w ith the primary
conditionin g phase in vivo, and the secondary readout phase in vitro. These
experiments have the advantages that firstly, no spontaneous maturation of DCs from
control mice occurs and secondly, that the DCs can be readily purified yielding a T
cell-free population eliminating the complication of ongoing IL-2 secrection. Purified
D O ll.lO CD4^ T cells were adoptively transferred into Fl(BALB/c x BIO.BR) mice. 24
hours later, groups of these mice were immunised w ith OVA 3 2 3 . 3 3 9 peptide, CpG, the
combination of both or PBS only. The next day, splenic DCs were purified and pooled
from all animals w ithin an experimental group, irradiated and used as APCs for
purified, APC-depleted CD4^ T cells from 3A9 mice in a standard proliferation assay
as above. The augmenting effect of T-cell feedback on DC stimulatory capacity could
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not be reproduced in this set of experiments (Fig 4.14 A, upper panel). In fact, the only
obvious alteration in the DCs' ability to stimulate naive T cells was observed when
CpG was administered to the donor mice. Surprisingly however, their stimulatory
capacity was worse rather than better than that of corresponding control cells. The
effect was even more pronounced when IL-2 secretion was measured instead of
thymidine incorporation (Fig. 4.14 A, lower panel). This was surprising, because these
findings are not in accord with the literature (174).

It could be that the immunisation of the mice adoptively transferred with
transgenic T cells did not modulate the DCs at all in these particular experiments. This
turned out not to be the case. FACS analysis of freshly isolated DCs also used as APCs
for the proliferation assay revealed an activated phenotype of all samples from mice
treated with either OVA 3 2 3 .3 3 9 , CpG or both (Fig. 4.14 B), confirming the results shown
in figure 4.7 B. It is difficult to bring the interpretation of these phenotypic data in
accordance with the results from the proliferation assay. On the one hand, the effect of
OVA3 2 3 .3 3 9 alone on surface-marker upregulation could be not strong enough to
become apparent in the proliferation assay. On the other hand, DCs from mice that
were immunised with both OVA 3 2 3 . 3 3 9 and CpG had a strongly activated phenotype,
with the two stim uli synergising to upregulate B7-2, CD40 and MHC class II.
However, these cells were still inferior in stim ulating naïve CD4^ T cells when
compared to control cells or cells from mice immunised w ith OVA 3 2 3 .3 3 9 , but equally
potent as DCs isolated from CpG treated mice. DCs from both experimental groups
that received CpG might have been overstimulated and therefore die more rapidly
than DCs from the other groups during the in vitro proliferation assay. These
"negative" functional results are hard to reconcile with data from the literature and the
phenotypic data from this study, and thus are possibly artefacts of the experimental
system I used.
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Figure 4.14 Assessment of the stimulatory capacity of in vivo-conditioned DCs (1)
Low num bers of purified DO 11.10 T cells w ere adoptively transferred into F I (BALB/c x
B10.BR) mice. The next day, host mice were injected with O VA 3 2 3 .3 3 9 and/or CpG. Twelve
hours later, splenic DCs were isolated and y-irradiated. A. C onditioned DCs were cultured
with A PC -depleted 3A9 and the indicated doses of HEL 4 6 .6 1 . A fter 48 hours of culture, IL-2
in the supernatant was m easured by sandwich ELISA (upper panel), and proliferation was
assessed by m easuring ^H-thym idine incorporation during additional 14 hours of culture
(low er panel). E rror bars indicate one SD from the mean of triplicate cultures. Sym bols
indicate anim al treatm ents during the in vivo DC conditioning phase of the experim ent:
Open circles, control; open squares, O V A 3 2 3 .3 3 9 ; filled circles, CpG; and filled squares,
O V A 3 2 3 . 3 3 9 + CpG. B. Expression of B7-2 (top panel), CD40 (m iddle panel), and l-A"
(bottom panel) on DCs was analysed by FACS. MFI of staining s w ith the indicated
m arkers gated on live, T 0 -P R 0 3 -n e g a tiv e , CDIIc^'®^ cells of an approriate scatter profile
are shown. Results are representative of two independent experim ents (A and B).

(see figure 4.14 on previous page)

Many investigators use mixed lym phocyte reactions w hich detect the allospecific response of polyclonal T cells to measure the stimulatory capacity of APCs. In
these assays, the number of APCs (presenting a fixed amount of allo-antigen^^) is
titrated instead of the antigen. This seems to be a less physiological and meaningful
experimental protocol to measure the stimulatory capacity of cells compared to
titration of antigen at a fixed number of APCs. Nonetheless, a series of experiments
were performed where during the readout phase the number of APCs was titrated.
First, D O ll.lO (H-2*^) mice were injected w ith PBS only, OVA 3 2 3 .3 3 9 , CpG or a
combination of OVA 3 2 3 . 3 3 9 and CpG. Twelve to eighteen hours later, splenic DCs from
these mice were isolated, pooled within experimental groups and irradiated. Serial

However, it is possible that DC maturation also increases the amount of presented allo-antigen.
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dilutions of DC suspensions were incubated with cells isolated form lymph nodes of
C57BL/6 mice (H-2 ^) in a standard alio (mixed lymphocyte reaction) proliferation
assay. The pattern of proliferation was reminiscent of the result show n in figure 4.13
A. Suprisingly, no differences in the stimulatory capacity of the four preparations of
DCs was detectable (Fig. 4.15 A, upper panel), although FACS analysis of DCs freshly
isolated from immunised animals showed a very robust upregulation of both B7-2 and
CD40, confirming the result fromt the previous experiment (Fig. 4.15 A, lower panels).

Thus, so far all efforts to assess the stimulatory capacity of T cell-conditioned
DCs were unsuccessful, since the "positive control" treatment, nam ely stimulation
with CpG, did not become apparent in the readout. In a final attempt to use an in vitro
assay to measure the ability of DCs to stim ulate naive T cells, I m odified an
experiment from the literature using CD 8 ^ T cells instead of CD4^ T cells to condition
the DCs in vivo (174). Male OT-I mice were immunised with PBS only, pOVA, CpG, or
pOVA and CpG. Tw elve to eighteen hours later, splenic DCs of these mice were
purified and irradiated. Serial dilutions of these conditioned DC cultures were used as
stimulators in standard proliferation assays for lymph node cells from BALB/c mice
or female anti-HY TCR transgenic mice. In contrast to what has been reported by an
other group (174), the capacity of these conditioned, male H2^-positive DCs to
stimulate BALB/c T cells (Fig. 4.15 B, left panel) or female anti-HY T cells^^ (Fig. 4.15 B,
right panel) was virtually identical. There might be a small difference between cells
from mice that did or did not received pOVA, how ever pOVA treated cells were
sligthly worse rather than better stimulators when compared to control cells (Fig. 4.15
B, left panel). CpG treatment did not have any effect on the stimulatory capacity of the
DCs whatsoever in these assays. The CpG treated cells should have constituted the

HY stands for the "male" antigen.

192

Chapter 4

T-Cell Feedback to DCs in Cis and Trans

positive control samples. However, the presence of CpG or other microbial stimuli
(data not shown) had no or even a detrimental effect, w hich is in stark contrast to
countless reports in the literature. The data are therefore possibly not trustworthy.

F ig u re 4.15 Assessment of the stimulatory capacity of in vivo-conditioned DCs (2)
A. D O ll. lO mice w ere injected with O VA 3 2 3 . 3 3 9 and/or CpG. Tw elve hours later, splenic
DCs w ere isolated and y-irradiated. Upper panel: Graded num bers of conditoned D O ll. lO
DCs (B A L B /c b ackg ro u nd , H-2'^) w ere used to s tim u la te naïve a llo g e n e ic C 57BL/6
lym phocytes (H-2^). A fter 48 hours of coculture, proliferation was assessed by measuring
^H-thym idine incorporation during additional 14 hours of culture. E rror bars indicate one
SD from the mean of triplicate cultures. S ym bols indicate anim al treatm ents during the in
vivo DC co nd itio n ing phase of the experim ent: O pen circles, control; open squares,
O V A 3 2 3 .3 3 9 ; fille d circles, CpG; and fille d squares, O V A 3 2 3 . 3 3 9 + CpG . Low er panels:
E xpression of B7-2 (left) and C D40 (right) on DCs w as analysed by FACS. MPI of
stainings with the indicated m arkers gated on live, T 0 -P R 0 3 -n e g a tiv e , CD11c^'^^ cells of
an approriate scatter profile are shown. B. Male OT-I m ice w ere im m unised with pOVA
and/or CpG. Eighteen hours later, splenic DCs w ere isolated and y-irradiated. Graded
num bers of co nd itio n ed m ale O T-I DCs (C 57B L/6 backg ro u nd , H- 2 ^) w ere used to
stim ulate naïve allogeneic BALB/c (H-2^) lym phocytes (left panel) or fem ale anti-HY TCRtransgenic T cells (right panel). A fter 48 hours of coculture, proliferation was assessed by
m easuring ^H -thym idine incorporation during additional 14 hours of culture. Error bars
indicate one SD from the mean of triplicate cultures. S ym bols indicate anim al treatm ents
during the in vivo DC conditioning phase of the experim ent: Open circles, control; open
squares, pOVA; filled circles, CpG; and filled squares, pOVA + CpG.

(see figure 4.15 on following page)
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Mediators of T-Cell Feedback to DCs

IN T R O D U C TIO N
In chapter 4 of this thesis I detailed the consequences of signalling from activated

T cells to DCs. 1 demonstrated that phenotypic and functional DC properties are
differentially affected by signals from activated T cells. More stringent requirements
have to be met by T cells in order to enable DCs to provide "signal 3" as compared to,
for example, the upregulation of costimulatory molecules. These results suggest that
activated T cells em ploy more than one molecule and, by inference, mechanism to
modulate DCs. For example, noncognate signals could be mediated by undirected
secretion of soluble factors from activated T cells, thereby affecting DCs regardless of
whether they are adjacent to these activated T cells not. Production of tumour-necrosis
factor a (TNFa) w ould fall into this category (496). Alternatively, activated T cells may
signal to DCs via surface molecules such as CD40L in a noncognate manner (497).
However, such cell-bound molecules are also likely to be involved in cognate feedback
signalling to DCs. Hence, it is unlikely that the DCs sim ply distinguish between
soluble versus cell-bound molecules to separate noncognate from cognate signals.

Here 1 first establish that the factors mediating antigen-dependent modulation in
trans are T cell-derived and do not stem from activated DCs. Then 1 question whether

both soluble and membrane-bound m olecules expressed by activated T cells are
indeed capable of modulating DCs, and what DC alterations are induced by these
signals. Furthermore, 1 investigate the contribution of tw o cell-bound molecules
expressed on activated T cells, namely CD40L and TRANCE, to the antigen-dependent
m odulation of DCs. Finally, 1 analyse the PAMP- and T cell-dependent regulation of
other TNF and TNF-R familiy members on DCs potentially involved in feedback
signalling.
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RESULTS

5.2.1 The Factor M ediating Antigen-Dependent DC M odulation Is T Cell-Derived
It is not clear form the experiments described in chapter 4 whether the factor
effective in frans-modulation of DCs is T cell- or DC-derived. It is possible that DCs
cognatly engaged with T cells produce DC-stimulatory factors, such as IL-1 or TNFa
(496, 498), thereby activating neighbouring DCs that are not involved in antigenspecific interaction w ith T cells. To address this question, DCs isolated from BIO.BR
mice were cocultured with purified CD4^ D O ll.lO T cells and live or fixed BALB/c
DCs, in the presence or absence of OVA 3 2 3 .3 3 9 . Therefore, although the fixed BALB/c
DCs present agonistic peptide and hence activate the D O ll.lO T cells, they cannot
receive feedback signals. As shown in figure 5.1, live BIO.BR DCs upregulated both
B7-2 and CD40 on their surface regardless of the life status of the BALB/c DCs
presenting the agonistic peptide to the T cells. Experiments using fixed BALB/c DCs
prepulsed with OVA 3 2 3 . 3 3 9 peptide and live, unpulsed BALB/c DC for readout
produced similar results (data not shown). Additonal aliquots of BIO.BR DCs were
cultured with T cells only in tissue culture w ells that were left untreated or coated
w ith anti-CD3e and anti-CD28 antibodies (this com bination henceforth aCD3).
Although there are no DCs capable of activating the T cells in these cultures, the
BIO.BR DCs are phenotypically altered when the T cells are triggered with an aCD3
antibody. This clearly demonstrates that the factors modulating the DCs are largely of
T-cell origin and not DC-derived. In fact, surprisingly live BALB/c DCs receiving
feedback signals from activated T cells do not produce significant amounts of D e 
activating factor under these particular culture conditions (e.g. IL-ip

(498));

upregulation of B7-2 and CD40 was virtually identical in samples w ith live or fixed
BALB/c DCs.
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Figure 5.1 The factor mediating antigen-dependent DC modulation is T cell-derived
Splenic BALB/c DCs fixed with 1% paraform aldehyde or left untreated were cocultured
purified CD4^ DO11.10 T cells and live B10.BR DCs in the presence or absence of
0VA323_339. Additional samples of D O ll. lO T cells were cultured with BIO.BR DCs in wells
coated with anti-CD3e/anti-CD28 antibodies or isotype controls. After overnight incubation,
surface expression of B7-2 (upper panel) and CD40 (lower panel) on BIO.BR DCs was
analysed by FACS. MFI of stainings with anti-B7-2 (upper panel) and anti-CD40 (lower
panel) on live, T 0 -P R 03-negative, C D IIc '''^ ^ l-A"^ cells of the appropriate scatter profile
are shown. Results are representative of two independent experiments.
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5.2.2 Soluble Factors Secreted by Activated T Cells Are Capable of M odulating DCs
The above experiment cannot discriminate betw een cell-bound and secreted
factors mediating the activation of DCs. It is tempting to speculate that soluble factors
secreted by activated T cells are responsible for the trans activation of DCs. To test
whether this is indeed the case, I designed in vitro assays where the responding DCs
are physically seperated from the activated T cells by a semipermeable membrane,
allowing the exchange of soluble factors between the activated T cells and the DCs, but
exclude direct cell contact ("transwell assay"). As a first experiment, purified splenic
DCs from BALB/c mice were cultured for one hour with or without CpG to obtain
immature and mature DCs (iDC and mDC, respectively), and subsequently fixed with
1% paraformaldehyde. These cells were then mixed w ith purified CD4^ D O ll.lO T
cells with or without antigen. In addition, "transwells" were inserted into the wells
containing the DC-T cell mixtures, and fresh DCs added to the transwell (for details
see figure 5.2). Twelve to eighteen hour later, CD40 expression of DCs in the top well
(transwell) was analysed by FACS. Indeed, activated T cells produce soluble factors
capable of activating DCs (Fig. 5.2 A), supporting the hypothesis above. Furthermore,
the T cells do not need to be activated by a mature DC to secrete the factors
quantitatively and qualitatively capable of m odulating DCs. The preconditioning of
DCs with CpG was included in this experiment because I reasoned that stimulation of
the T cells by immature DCs could lead to partial or differential T-cell activation,
w hich in turn w ould be insufficient for the activation of resting DCs (by soluble
factors). This turned out not to be the case. Albeit immature DCs activated the T cells
less strongly than mature DCs, T-cell activation w as still readily detectable, as
measured by their ability to upregulate CD40 on DCs in the top well.

To consolidate these findings, a second trans w ell experiment was performed,
using aCD3 or live antigen-bearing DCs to stim ulate the T cells, similar to the
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experiment shown in figure 5.1. CD4^ D O ll.lO T cells were cultured in untreated or
aCD3 coated wells, alone or in coculture with splenic DCs from BALB/c mice and in
the presence or absence of OVA 3 2 3 . 3 3 9 (for details see schemes figure 5.2 B). Then, fresh
DCs were added to transwell inserts placed into culture w ells containing the DC-T cell
mixtures. As above, CD40 surface expression on the DC in the transwell was analysed
by FACS after overnight culture. As expected from the previous experiment, the DCs
in the top w ells became activated w henever the T cells in the bottom w ell were
triggered, regardless whether by OVA 3 2 3 .3 3 9 -presenting BALB/c DCs or by aCD3
antibody.

F ig u re 5.2 Soluble Factors Secreted by Activated T Cells Are Capable of Modulating DCs
A. Purified BALB/c w ere cultured fo r one hour in the presence (=> mDC) or absence of
CpG (=> iDC) and subsequently fixed with

1

% paraform aldehyde. A fter quenching in glycin

and e xtensive w ashing, these conditioned DCs w ere cocultured o vernight with purified
CD4^ D O 11.10 T cells and fresh, live BALB/c DCs separated by a perm eable m em brane
as indicated schem atically. The expression of CD40 on the surface of DCs in the top well
was then analysed by FACS. MPI of anti-C D 40 staining on live, T 0 -P R 0 3 -n e g a tiv e ,
CDUc'^'®'’ cells of the appropriate scatter profile are show n. Results are representative of
two independent experim ents. B. Purified CD4+ T cells from D O 11.10 m ice cultured in
direct contact with BALB/c DCs in the presence or absence of O VA 3 2 3 -3 3 9 . Further aliquots
of D O 11.10 T cells w ere cultured in wells coated with anti-C D 3e/anti-C D 28 antibodies or
isotype controls. In addition, live BALB/c DCs w ere added to all wells separated from the T
cells in th e bottom w ell by a perm eable m em brane, as indicated schem atically. A fte r
overnight culture, the surface expression of CD40 from BALB/c DCs in the top wells was
analysed by FACS. MFI of stainings with anti-CD40 on live, T 0 -P R 0 3 -n e g a tiv e , CD11c^'^^
cells of the a pp ro p ria te sca tte r profile are show n. R esults are re p re sen tative of two
independent experim ents.

(see Figure 5.2 on next page)
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It is important to point out that these findings should not be taken to mean that only
soluble T cell-derived factors can modulate DCs, For example, CD40L is a membranebound molecule expressed on activated T cells, w hich has been described to act in
synergy with microbial stimuli to induce 1L-I2p70 production by DCs (149, 177, 178).
Unfortunately, samples where contact betw een the readout DC and the T cell is
possible as in figure 5.1 were not included in this experiment. Therefore, no direct
comparison between contact-dependent and independent T-cell feedback to DCs can
be made. However, this issue was addressed in an experiment where purified DCs
from BALB/c spleens were cultured both in the bottom and top w ell while only the
bottom well additionally contained purified CD4^ D O ll.lO T cells. After twelve to
eighteen hours of culture with graded doses of OVA 3 2 3 . 3 3 9 in the presence or absence of
CpG, DCs from the bottom and the top wells were analysed for surface expression of
B7-2 and CD40 by FACS. As expected, the surface phenotype of DCs that were
(bottom well) or were not (top well) in direct contact with T cells was modulated in an
antigen-dose-dependent manner (Fig. 5.3).
The magnitude of the phenotypic alterations was similar on both DC populations
(bottom well

direct contact, and top well —> no T-cell contact). Furthermore, the

antigen dose-response was less marked in the presence of CpG, presumably because
the microbial stimulus autonomously induces near-saturation levels of B7-2 and CD40
on DCs.
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Figure 5.3 Contact-dependent versus -independent DC modulation by activated T cells
Purified D O ll. lO CD4^ T cells were cocultured (1) with BALB/c DCs which were allowed
direct contact to the T cells as well as (2) DCs which were separated from the T cells by a
perm eable mem brane (all three cells in the same well). The antigen dose-dependent
regulation of B7-2 (upper panel) and CD40 (lower panel) on DCs in the bottom well (T-cell
contact possible, circles) and top well (no T-cell contact possible, squares) was analysed
by FACS after overnight incubation in the presence or absence of CpG (filled or open
symbols, respectively). MFI of stainings with anti-B7-2 and anti-CD40 on live, T 0 -P R 0 3 negative, C D IIc^'^^ cells of the appropriate scatter profile are show n. Results are
representative of two independent experiments.
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5.2.3 T-Cell Contact-Deprivation Decreases the Stimulatory Capacity of DCs
In chapter 4, I have demonstrated that DCs are dependent on a microbial
stimulus in combination with cognate interactions w ith activated T cells to produce
bioactive IL-12p70. When the DCs are physically separated from activated T cells by a
membrane, the second requirement cannot be met. Hence, measuring production of
this cytokine by DCs becomes obsolete. However, in vivo experiments demonstrated
that noncognate T-cell signals can augment the DCs' ability to stimulate naïve T cells.
For obvious reasons it is not trivial to study whether soluble T cell-derived factors
modulate DCs in vivo. Although my previous attempts to assess the DCs' stimulatory
capacity in vitro were inconclusive, I employed such an assay with DCs conditioned by
T cells in a contact-dependent or -independent manner. DCs from FI (BALB/c x
BIO.BR) mice were cultured in the top and bottom w ell of culture dishes fitted with
transwell inserts, together with purified CD4^ D O ll.lO T cells in the bottom well, in
the presence or absence of OVA 3 2 3 .3 3 9 . After an overnight culture, both the cells in top
and bottom wells were harvested, fixed with 1% paraformaldehyde, and used as APCs
for naive CD4^ 3A9 T cells. No difference between the stimulatory capacity of DCs
isolated from cultures with or w ithout OVA 3 2 3 . 3 3 9 could be detected (Fig. 5.4),
confirming the findings described in chapter 4. However, DCs which were in contact
with activated or naive T cells during the conditioning phase of the experiment, were
about 10-fold better in stimulating naive 3A9 T cells. Thus, these data suggest that
contact-dependent signalling from T cells to DCs increase the latter's ability to
stim ulate naive T cells. Furthermore, the fact that these signals were antigenindependent implies that the relevant molecules are expressed by both naive and
activated CD4^ T cells. Whether these factors mediate survival of DCs or the observed
effect can be explained by other mechanisms remains to be established. The viability of
DCs from the top well (no T cell contact) or bottom well (contact with T cells possible)
was not distinguishable as measured by the exclusion of trypan blue or T 0-PR 03
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(data not shown). In addition, control experiments coculturing the D O ll.lO T cells in
the top instead of the bottom w ell during the conditioning phase of the experiment
demonstrated that the absence of T cells and not the culturing in the top w ell was
responsible for the inferiority of the these DCs in the original experiment (data not
shown). It is important to stress that the secretion of soluble factors by activated T cells
is not necessarily a mechanism effective in trans to modulate DCs. It is conceiveable
that the immunological synapse acts as a targetting and focusing device to deliver
soluble factors between the activated T cell and the DC upon cognate interaction. By
forming a very small, cylindric space surrounded by a relatively impermeable gasket,
the synapse could serve to direct a soluble agent almost exclusively to the cell forming
the counterpart of the synapse. Furthermore, this would lead to high concentrations of
these soluble factors by focusing them to a small volume, which might be necessary to
reach the thresholds for triggering of their receptors.
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Figure 5.4 T-cell contact-deprivation decreases the stimulatory capacity o f DCs
Purified D O l l . l O T cells were cocultured overnight with splenic DCs purified from FI
(BALB/c X B10.BR) mice in direct contact (bottom well, circles) as well as separated from
them by a perm eable mem brane (top well, squares) in the presence or absence of
O VA 3 2 3 - 3 3 9 (filled or open symbols, repectively). Total cells from top and bottom wells were
harvested, fixed with 1% paraform aldehyde, quenched with glycine and extensively
washed. Then, these conditioned DCs were used to present graded doses of HEL^g.Gi to
APC -depleted 3A9 T cells. Proliferation of T cells was assessed after 48 hours by
measuring ^H-thymidine incorporation during a further 14 hours of incubation. Error bars
indicate one SD from the mean of triplicate cultures. Results are representative of two
independent experiments.
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5.2.4 Signalling Through CD40 Augments the DC Stimulatory Capacity
Having established that both cell-bound and soluble molecules derived from T
cells can modulate DCs independent from microbial stimulation, but possibly with
different outcom es, I turned m y attention on candidate m olecules capable of
mediating T-cell feedback to DCs. One of the cell-bound effector molecules thought to
be involved in this process is CD40L (CD154). CD40L is a member of the TNF
superfamily expressed on activated T-helper cells and interacts with CD40 on B cells,
macrophages and DCs. Triggering of CD40 on B cells is long known to be essential for
the process of isotype switching and the generation of B-cell memory (497, 499).
Furthermore, stimulation of CD40 on DCs leads to their phenotypic maturation.
Specifically, DCs upregulate costim ulatory m olecules such as B7-2. H owever,
triggering via CD40 is only effective in inducing IL-12p70 production when the DCs
have undergone maturation upon recognition of an appropriate PAMP (149).
Interestingly, the CD40L-mediated activation of DCs has further been proposed to be
responsible for the helper effect of CD4^ T cells on CTL responses. Specifically, it was
suggested that CD40 triggering by activated CD4^ T cells renders DCs able to prime a
CTL response (164-166). This is consistent w ith the earlier observation that T-helper
cells have to recognise agonistic peptide/M H C complexes on the same APC as the
CTL precursors, indicating that a cognate interaction is required (161).

To determine the contributions of CD40 engagement and microbial stimuli in
licencing DCs to activate CD 8 ^ CTL precursors in vitro, DCs isolated from C57BL/6
mice were conditioned by seeding them on a monolayer of fibroblasts retrovirally
transfected with CD40L or a control construct (CD40L and SAMEN, respectively).
Moreover, a soluble extract of the parasite Toxoplasma gondii (STAg) was added to the
medium. After overnight culture, the cells were harvested, y-irradiated and used as
APCs for naïve, APC-depleted OT-I T cells in a standard proliferation assay.
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Conditioning of DCs by stimulating them via CD40 increases their capacity to prime
CTL precursors 10-20 fold (Fig. 5.5). In accord w ith findings from chapter 4, where
CpG was used as a microbial stimulus, STAg had only a relatively small augmenting
effect w hen combined with control fibroblasts and none at all in combination with
CD40L-expressing fibroblasts, albeit this being the only culture condition yielding IL12p70 production by the DCs (Fig. 5.5 and data not shown). The observation that
conditioning of DCs with CD40L-transfected fibroblasts is somewhat inconsistent with
data show n in chapter 4, where coculture of DCs w ith activated T cells failed to
modulate the DCs ability to stimulate naïve T cells. However, (1) the aforementioned
exceedingly high levels of CD40L on transfected fibroblasts, and (2) its presence from
the very beginning of the coculture might explain this discrepancies. Nevertheless, this
does not invalidate the finding that stimulation of DCs through CD40 modulates their
properties.
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Figure 5.5 Signalling through CD40 augments the DCs' ability to stimulate CTL precursors
Splenic C57BL/6 DCs were conditioned by culturing on monolayers CD40L-expressing
(squares) or control fibroblasts (circles) in the presence (filled symbols) or absence (open
sym bols) of STAg. A fter overnight incubation the cells were harvested, fixed with 1%
parafo rm a ld eh yd e , quenched w ith glycine and w ashed

e xte n sive ly. Then, these

conditioned DCs were used to present graded doses of pOVA to APC-depleted OT-I T
cells. Proliferation of T cells was assessed after 48 hours by m easuring ^H-thymidine
incorporation during a further 14 hours of incubation. Error bars indicate one SD from the
mean of triplicate cultures. Results are representative of two independent experiments.
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To see whether the same conditioning of DCs is also effective in stimulation of
naïve CD4^ T cells, splenic DCs from BIO.BR mice were treated in the same was as
above an then used as APCs for naïve, APC-depleted CD4^ T cells purified from 3A9
mice. Similar to the observation above, 3A9 T cells proliferated more vigorously when
stimulated with DCs conditoned on CD40L-expressing fibroblasts (Fig. 5.6). In contrast
to the scenario w ith CTL precursors, in this experiment STAg caused a significant
augmentation in the DCs' stimulatory capacity. Moreover, STAg and ligation of CD40
synergised to activate the DCs. It should be noted that, strictly speaking there is no
clear antigen dose-shift in the proliferation of these CD4^ T cells but rather different
plateau levels. This pattern could be due partially to differential survival of the naïve
and newly activated CD4^ T cells.
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Figure 5.6 CD40 ligation augments the DCs' ability to stimulate naïve 0 04 ^ T cells
Splenic BIO.BR DCs were conditioned by culturing on m onolayers CD40L-expressing
(squares) or control fibroblasts (circles) in the presence (filled symbols) or absence (open
sym bols) of STAg. After overnight incubation the cells were harvested, fixed with 1%
p arafo rm a ld eh yd e , quenched w ith glycine and w ashed e xte n sive ly. Then, these
conditioned DCs were used to present graded doses of pOVA to APC-depleted 3A9 T
cells. Proliferation of T cells was assessed after 48 hours by m easuring ^H-thymidine
incorporation during a further 14 hours of incubation. Error bars indicate one SD from the
mean of triplicate cultures. Results are representative of two independent experiments.
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5.2.5 CD40L is Dispensable for Phenotypic and Functional DC M odulation by
Activated CD4^ T Cells
The undisputed sufficiency of CD40L to modulate DCs does not exclude that it is
dispensable for certain functions, because other factors expressed by activated T cells
can mediate the same effect. For example, CD4^ T cells can activate APCs in a CD40independent manner and CD40-deficient APCs retain their stimulatory capacity (171,
500, 501), Therefore, I wondered what the size of the contribution of CD40L-CD40
interactions is to the phenotypic and functional feedback activation of DCs by antigenspecific CD4^ T cells. BALB/c DCs and purified D O ll.lO T cells were cultured with
STAg and a dose titration of OVA 3 2 3 .3 3 9 . Saturating concentrations of a blocking antiCD40L antibody or the corresponding isotype control were added to inhibit
engagement of CD40 by its ligand CD40L and the cultures incubated for twelve to
eighteen hours. The DCs were then analysed by FACS and the culture supernatant
assayed for IL-12p40 and IL-12p70. Antigen dose-dependent upregulation of B7-1 and
B7-2 on DCs was hardly affected by the addition of blocking anti-CD40L antibodies to
the cultures (Fig. 5.7, left panels). This was only moderately surprising, since I have
demonstrated above that costimulatory molecules can also be upregulated by soluble,
T cell-derived mediators. Confirming earlier findings, IL-12p40 levels were not
affected by signals from activated D O ll.lO T cells. Therefore, blocking anti-CD40L
antibody had no visible effect on that readout. Surprisingly, w hilst anti-CD40L
reduced the levels of IL-12p70 in the culture supernatants significantly, the block was
incomplete (Fig. 5.7, bottom right panel). Therefore, CD40L-CD40 interactions between
activated CD4^ T cells and PAMP-stimulated DCs are sufficient^ but not necessary for
the production of bioactive IL-12p70 in vitro.

Based on m y own findings presented above and others' data (149,177,178).
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CD40L is dispensable for phenotypic and fun ctio na l DC m odulation by

activated 0 04 ^ T cells
Purified CD4+ DO11.10 T cells were stimulated by splenic BALB/c DCs presenting graded
doses of OVA 3 2 3 .3 3 9 in the presence (filled symbols) or absence of STAg (open symbols).
CD40-CD40L interactions were blocked by an anti-C D 40L antibody (squares) or left
unhindred (circles). A fter overnight culture, expression of B7-1 and B7-2 on DCs was
analysed by FACS (upper left and lower left panel, respectively). MFI of stainings for the
indicated markers on live, T 0 -P R 0 3 -n e g a tive CD1

cells of the appropriate scatter

profile are shown. IL-12p40 and IL-12p70 in the supernatant was measured by sandwich
ELISA (upper right and lower right panel, respectively). All error bars are shown and
indicate one SD from the mean of triplicate cytokine m easurem ents. Results are
representative of three independent experiments.
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5.2.6 Lack of a Role for CD40-CD40L Interactions in Feedback Signalling from
Activated CD 8 ^ T cells to DCs
CD40L is expressed above all on activated CD4^ T cells, but also, to a much lower
degree on CD 8 ^ T cells. Therefore, a similar experiment as described above was
performed with TCR-transgenic CD 8 ^ T cells. DCs isolated from C57BL/6 mice and
purified CD 8 ^ OT-I T cells were cultured overnight with STAg and a dose titration of
pOVA in the presence of a blocking CD40L antibody. Expression of costimulatory
m olecules on the surface of the DCs w as analysed by FACS and the culture
supernatants assayed for IL-12p70 content. As show n in figure 5.8 (left panels), the
antigen dose dependent upregulation of both B7-1 and B7-2 w as com pletely
independent of CD40-CD40L interactions. Unexpectedly, the feedback from CD 8 ^ OT-I
T cells for IL-12p70 production by STAg-stimulated DCs was also totally unaffected by
CD40L blockade (Fig. 5.8, right panel). An obvious objection is that the concentration
of blocking anti-CD40L antibody w as not saturating. H ow ever, the same final
concentration was used in similar experiments w ith CD4^ T cells and did have a
profound effect (Fig. 5.7), although these cells express significantly higher levels of
CD40L as compared to activated CD 8 ^ T cells. In addition, the data shown in figure 5.9
is consistent w ith observations that CD 8 ^ T cells can mediate CD40-independent
activation of DCs (173, 174). H owever, it is not known to date w hich molecules
mediate this feedback, but there are several candidates.
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Figure 5.8 Lack o f a role for CD40-CD40L interactions in feedback signalling from CD8^ T
cells to DCs
Purified CD 8 ^ OT-I T cells were stim ulated by splenic C 57BD 6 DCs presenting graded
doses of OVA 3 2 3 .3 3 9 in the presence (filled symbols) or absence of STAg (open symbols).
CD40-CD40L interactions were blocked by an anti-C D 40L antibody (squares) or left
unhindred (circles). A fter overnight culture, expression of B7-1 and B7-2 on DCs was
analysed by FACS (upper left and lower left panel, respectively). MFI of stainings for the
indicated markers on live, T 0 -P R 0 3 -n e g a tiv e CD1C'^^ cells of the appropriate scatter
profile are shown. IL-12p70 in the supernatant was measured by sandwich ELISA (right
panel). All error bars are shown and indicate one SD from the mean of triplicate cytokine
measurements. Results are representative of two independent experiments.
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5.2.7 Lack of a Role for TRANCE-RANK Interactions in CD40L-independent
Feedback Signalling to DCs
CD40L is only one of the many TNF superfamily members upregulated on the
surface of T cells upon their activation. TNF-related activation-induced cytokine
(TRANCE) is another member of this family recently identified on activated CD4^ T
cells, and its receptor RANK (receptor activator of NF-kB) was found to be expressed
by DCs. Moreover, it has been suggested that TRANCE is a DC-specific survival factor
that cooperates w ith CD40L to further increase the viabiltiy of DCs (502, 503). To
investigate the relative contributions of CD40L and TRANCE in the T cell-dependent
phenotypic and functional maturation of DCs, an experiment combining blocking
antibodies against CD40L and TRANCE was performed. Splenic BALB/c DCs
stimulated with STAg and purified D O ll.lO T cells were cultured with a dose titration
of OVA 3 2 3 .3 3 9 . To block CD40L-CD40 and TRANCE-RANK interactions, antibodies
against CD40L and TRANCE or their relevant isotype controls were added to these
cultures (for details see legend for figure 5.9). After overnight incubation the culture
supernatants and the DCs were harvested and assayed for IL-12p70 and expression of
B7-2, respectively. For clarity, the data on costimulatory molecules are displayed as
fold increase MFI on these somewhat complex figures. In agreement w ith my earlier
findings, anti-CD40L had no effect on the level of B7-2 (Fig. 5.9, left panel). The same is
the case for anti-TRANCE: No or very little difference between samples treated with
anti-TRANCE and controls was detectable. Furthermore, no significant evidence for
cooperation of anti-CD40L and anti-TRANCE can be observed. What is clear from this
normalised form of data display is, however, that treatment with STAg diminishes the
dynamic range of antigen dose-dependent upregulation of B7-2. Virtually identical
results were obtained for B7-1 (data not shown). As demonstrated earlier, inhibiting
the interaction of CD40L expressed on activated CD4^ T cells w ith CD40 on DCs
roughly halves the 1L-I2p70 levels. In contrast, blockade of TRANCE-RANK
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interactions had no effect on this readout at all, even when combined with anti-CD40L
antibody (Fig. 5.9, right panel). Therefore, TRANCE has no significant effect on CD4^ T
cell-dependent phenotypic and functional maturation of DCs in vitro. However, it is
important to point out that no proof of the functionality of the blocking anti-TRANCE
antibody is given here.

It w ould have been interesting to investigate the importance of TRANCE as a
mediator of CD 8 ^ T-cell feedback to DCs, particulary since CD40L appears to play
only a very limited role in this process. For reasons of time and because I had only
restricted amounts of the relavant reagents at my disposal, these experiments remain
to be done. However, the findings from all these antibody blocking experiments
provide evidence that CD 8 ^ T cells use a different m ode of antigen-dependent
feedback to DCs than CD4^ T cells. This is in agreement with earlier findings showing
that previously activated CD 8 ^ T cells and their culture supernatant were far more
stimulatory for fresh DCs than the corresponding cells and supernatant from cultures
of CD4^ T cells (data not shown).
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Figure 5.9 Lack o f a role for TRANCE-RANK interaction in CD40L-independent feedback
signaiiing to DCs
Purified CD4^ DO11.10 T cells were stimulated by splenic BALB/c DCs presenting graded
doses of OVA 3 2 3 .3 3 9 in the presence (filled symbols) or absence of STAg (open symbols).
Blocking anti-CD40L and/or anti-TRANCE antibodies (or the relevant isotype controls)
were added before overnight culture, as detailed in the figure legend. Expression of B7-2
on DCs was analysed by FACS (left panel). MFI of stainings with anti-B7-2 on live, TOPR03-negative CD1

cells of the appropriate scatter profile are shown. IL-12p70 in the

supernatant was measured by sandwich ELISA (right panel). All error bars are shown and
indicate one SD from the mean of trip lica te cytokine m easurem ents. Results are
representative of two independent experiments.
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5.2.8 Ligation of CD40 on CpG-Stimulated DCs In V iv o Induces Their Phenotypic
and Functional Maturation
After having established that engagement of CD40 and simultaneous stimulation
with a microbial stimulus is sufficient to induce phenotypic maturation of DC and
IL-12p70 production in v itro , the effect of CD40 ligation as a surrogate of T-cell
feedback in vivo was studied. For these experiments I used C3H/HeJ mice, which
carry a point mutation in the gene coding for TLR4, and are therefore hyporesponsive
to LPS. This m inim ised the effect of a possible endotoxin contamination of the
antibody preparation on DCs. All reagents including the anti-CD40 antibody used in
this study for in vitro or in vivo assays were rigorously tested for and found to be
virtually free of LPS. However, residual endotoxin contamination below the detection
threshold could still have a biological effect. C3H/HeJ mice were injected w ith an
agonistic anti-CD40 antibody and CpG. Twelve to eighteen hours later the surface
expression levels of costimulatory molecules on DCs was analysed by FACS. The
outcome was similar to the results from experiments using antigen-specific T cells
(Figs. 4.5-4.7) instead of agonistic anti-CD40 antibody. Treatment with CpG or antiCD40 antibody lead to the upregulation of all costimulatory molecules studied here,
namely B7-1, B7-2, and CD4CP (Fig. 5.10, left panels). The agonistic anti-CD40 antibody
is a very strong stimulus, and moreover, can be effective immediately without a time
delay as is the case with T cells, which have to become activated before expressing the
relevant feedback molecules. This could explain the very robust upregulation of B7-1,
B7-2 and CD40 caused by the antibody, which was far more profound compared to the
effect of activated T cells on these measures. However, the two stimuli cooperated to
upregulate the costimulatory molecules further as expected. Sera taken from these
mice at the same timepoint contained significant concentrations of IL-12p40 when the
^ The anti-CD40 antibody used for FACS staining w as derived from a different clone to the
agonistic antibody, and recognises a different epitope. Hence, no interference in epitope binding
by steric hindrance occurs.
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animals were treated with CpG or anti-CD40 (Fig. 5.10, top right panel). This was
somewhat surprising because I did not expect anti-CD40 to induce significant amounts
of IL-12p40 on its own. The antibody also synergised with CpG to elicit very high
levels of IL-12p40, which is again sligthly surprising. This was not completely
consistent with data from antigen-specific T-cell feedback in vivo, where there was
only limited synergy, if any, for the production of IL-12p40. Besides, in another study
from the Immunobiology Laboratory a similar treatment w ith combined agonistic
anti-CD40 antibody and microbial stimulus resulted in only a relatively weak synergy
w hen IL-12p40 w as m easured (149). More im portantly, anti-CD40 and CpG
cooperated very strongly to induce high levels of bioactive IL-12p70 in the circulation
(Fig. 5.10, bottom right panel). When administered alone, anti-CD40 still induced
unexpectedly high levels of IL-12p70 when compared to CpG treatment. Again, this
was not totally compatible with my earlier findings with T cells in vivo. So far, I have
no satisfactory explanation for these results, how ever they could be due to the
unphysiologically strong stimulation of DCs w ith the agonistic anti-CD40 antibody.
The data from combined antibody and CpG treatment are easier to interpret and
confirm earlier findings that CD40 is indeed a m olecule involved in the feedback
stimulation upon cognate interaction with activated T cells, leading to phenotypically
and functionally mature DCs.
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Ligation o f CD40 and P AM P stim u la tion induces DC m aturation and

production o f bioactive IL-12
C3H/HeJ mice were injected with angonistic CD40 antibody and/or CpG (or relevant
controls, as indicated in the figure labels). Twelve hours later expression of costimulatory
molecules on splenic DCs (left panels) and cytokines in the sera was analysed. MFI of
stainings with anti-B7-1 (top left), anti-B7-2 (middle left), or anti-CD40 (bottom left) on live,
T 0-P R 03-negative, C D IIc^'^^ cells with the appropriate scatter profile are shown in the left
panels. IL-12p40 (upper right) and IL-12p70 (lower right) in the sera was measured by
sandw ich ELISA. Error bars indicate one SD from the mean of triplicate cytokine
measurements. Results are representative of two experiments.
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5.2.9 T Cell- and PAM P-Dependent Regulation of TNF and TNF-R Family Members
on DCs
Both CD40L and TRANCE are members of the TNF superfamily, and have been
associated w ith T-cell feedback to APCs. Hence, I speculated that other members of
this large protein family and their receptors could be involved in mediating signalling
from activated T cells to DCs. Therefore, I performed a set of experiments to study the
regulation of the expression of a series of TNF-R superfamily members on immature
or mature DCs. To this end, BIO.BR mice were im m unised w ith concanavalin A
(ConA), STAg or both. Con A is a T-cell superantigen that acts in a similar way as
outlined for SEB in chapter 4. However, although T cell stimulation by ConA is AFCdependent, there is no specificity for TCRs carrying a particular v p region as it is the
case for SEB. This antigen w as chosen to have a robust level of polyclonal T cell
activation. Four hours after injecting the mice, splenic DCs were isolated and analysed
by FACS for the subset-specific expression of the TNF-R superfamily members CD40,
Fas, and CD27, as w ell as for the TNF superfamily members Ox40L, CD30L and
4-lBBL. The choice of m olecules was due both to lim ited availability of staining
reagents at the tim e w hen these experim ents w ere done and because their
counterparts have been reported to be expressed on activated T cells. Based on the
scenario for CD40,1 expected that other TNF receptors are constitutively expressed at
low levels on DCs and upregulated following maturation of DCs. CD40 expressed on
STAg-conditioned DCs acted as a "positive control" m olecule in this experiment. As
expected, CD40 was strongly upregulated mainly on CD 8 (%^ DCs from mice treated
with STAg or STAg and ConA, while surprisingly ConA on its ow n had no effect (Fig.
5.11 A, top paneP^). Similarly, upreglation of Fas on DCs was exclusively dependent

In general, the indicated molecules were expressed constitutively at low but significant levels.
Here, the data is displayed as increase over the expression level on cells of the relevant subset
from PBS injected animals. Isotype controls were used to assess the specificity of the stainings
(data not shown).
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on STAg, but in stark contrast to CD40 the increase was restricted to the double
negative and CD4^ subsets and absent on CD 8 a^ DCs (Fig. 5.11 A, middle panel). This
is consistent w ith findings by Rescigno et a l , show ing that low levels of Fas are
expressed constitutively by DCs and upregulated strongly by LPS (504). Again, ConA
failed to have any effect, although the T cells in animals that received ConA had an
activated phenotype (data not shown). Flowever, analysis of CD27 expression on DCs
after in vivo stimulation revealed that ConA was capable of increasing the level of this
receptor. In fact, the effect of ConA was more profound than that of STAg. This
demonstrates that T cells were activated and can indeed be effective early on in
signalling to DCs. N o apparent synergy betw een STAg and ConA for CD27
upregulation could be observed.

CD40, Fas and CD27 are receptors and therefore predestined to sense feedback
signals from activated T cells expressing the relevant counterparts, w hilst CD30L,
Ox40L and 4-1BBL are ligands for TNF-R superfamily members. There are two reasons
w hy I stained for these molecules on DCs. First, it has been suggested that they play
important roles in DC-T cell interaction. For example, Ox40-Ox40L interactions could
be involved in the induction of Th2 responses, and 4-1 BBL has been shown to be
crucial for the priming of longlasting CTL responses. Second, several ligand-receptor
pairs of the TNF-R/TNF superfam ilies including 4-1BB/4-1BBL are capable of
bidirectional signalling (505). Therefore, it is conceivable that DCs can receive signals
form activated T cells via CD30L, Ox40L, 4-1 BBL and other members of the TNF
superfamily. Alterations in expression of CD30L and Ox40L were virtually identical
upon activation of DC. Their expression was augmented only to an small degree by
injection of STAg or ConA, with the CD 8 a^ subset being the least responsive. N o signs
of significant synergy between STAg and ConA were detectable (Fig. 5.11 B, top and
middle panels). In contrast to the weak effect on CD30L and 0x40, the level of 4-1 BBL
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on CD 8 a^ DCs was markedly increased in a STAg-dependent manner, while ConA
only lead to a small increase on its own and did not cooperate w ith STAg to a
significant degree (Fig. 5.11 B, bottom panel).

In conclusion, not only is DC expression of CD40 developmentally regulated and
increased by stimulation with either PAMPs or T cell-derived stimuli, but these stimuli
can also augment the expression of other TNF and TNF-R family members. Thus, it is
conceivable that these m olecules play a role in exchanging signals to and from
activated T cells. However, it remains to be established if any of these molecules have
a functional role in T cell-dependent DC modulation. In hindsight, the timepoint after
injection chosen to analyse the surface phenotype of DCs in these experiments is very
early. This is of particular importance for potential T cell-dependent mechanisms. The
T cells them selves have to first become activated to become potent in signalling to
DCs. The short time point could explain w hy the ConA-dependent upregulation of
CD40 is virtually absent, in contrast to earlier observations in this study, even though
T cells from these mice had an activated phenotype (data not shown). However, the
significant effect of ConA on the expression of e.g. CD27 suggests that the T cells were
already capable of signalling to DCs. It is important to point out that I was not looking
for the expression of molecules on DCs that is regulated by T cell-feedback. Rather I
was interested in any changes that are dependent on the developmental state of the
DC, regardless of whether this state was induced by T cell-derived or microbial
stimuli.
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Figure 5.11 T cell- and PAM P-dependent regulation o f TNF and TNF-R fam ily members
on splenic DCs
B 10. b r mice were injected with ConA and/or STAg. Four hours later, expression of the
indicated TNF fam ily (A) and TNF-R family members (B) on splenic DCs was analysed by
FACS. MFI of stainings with (A) anti-CD40 (top), anti-Fas (middle), anti-CD27 (bottom), or
(B) anti-CD30L, anti-Ox40L, and anti-4-1 BBL gated on DN (C D 4'C D 8a, white bars), CD4+
(grey bars), or CD8a^ (black bars), C D IIc^'^^ cells of the appropriate scatter profile are
shown. Results are representative of two independent experiments.
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D ISC U SSIO N
The nature of the T cell-derived molecules mediating feedback activation of DCs

will have an important impact on its mode and scope of action. For example, any
untargeted secretion of mediators to the microenvironment or the circulation will have
noncognate effects. In contrast, targeted and timed expression of cell-bound or even
soluble factors could in principle act in a cognate manner. Here, I asked whether both
soluble and cell-bound m olecules derived from activated T cells are effective in
modulating DCs. The implication of signalling through a receptor linked to a T-cell
activation marker, namely CD40L, were investigated. Furthermore, the regulation of
other potential feedback receptors on DCs was studied. As expected, molecules on the
surface of activated T cells are potent in m odulating DCs phenotypically and
functionally. Surprisingly, soluble factors secreted by T cells upon TCR triggering are
also capable of altering DCs. However, their effects are restricted to phenotypic
changes. The identity of these m olecules remains elu sive, but could include
lymphokines, or more generally, cytokines such as IL-1, IL- 6 and TNFa, as well as
certain chemokines. Furthermore, 1 demonstrated that CD40L, arguably the most
prominent cell-bound feedback molecule, is sufficient but not necessary to stimulate
PAMP-conditioned DCs to produce IL-12p70. Other molecules expressed by T cells in
an antigen-dose dependent manner can compensate for blockade of CD40-CD40L
interactions. Such a CD40L-independent pathway appears to be particularly prevalent
in antigen-dependent feedback from CD 8 ^ T cells. However, the molecules mediating
this effect remain to be identified. Finally, I found that the expression of other
molecules belonging to the TNF and TNF-R families is developmentally regulated on
DCs. These surface molecules are potential feedback receptor candidates.

My data on the role of CD40-CD40L interactions for DC m odulation are in
accord with some of the findings from previous studies, however, they also qualify the

227

Chapter 5

Mediators of T-Cell Feedback to DCs

role of this pathway for feedback from CD4^ as w ell as CD 8 ^ T cells more precisely,
and put data from experiments using CD40L-expressing fibroblasts or agonistic
antibodies in perspective. As outlined in chapter 1, CD40L present on activated T cells
(506) can mediate activation of DCs to become more stimulatory for CTL precursors.
These functional studies were preceded by the work of several groups implicating
CD40/CD40L interactions in the phenotypic maturation of DCs. Culture of human
Langerhans cells or monocyte-derived DCs on a monolayer of CD40L-expressing
fibroblasts triggered the upregulation of surface MHC class II, adhesion molecules like
ICAM-1, as w ell as costimulatory m olecules such as B7-1 and B7-2 (175, 178, 507).
Similar phenotypic data was obtained with murine DCs (177). Furthermore, besides
these phenotypic effects, the ligation of CD40 was suggested to regulate DC survival
and the production of certain inflammatory cytokines such as IL-8 , M IP-la, TNFa and
IL-12 (175, 177, 178, 507, 508). However, it is important to point out that many studies
show ing that ligation of CD40 or other non-PRR on DCs induces cytokine production
are flawed. The DCs used in these studies are often raised, purified or cultured in a
w ay that leads to their maturation. A natural extension of Jane way's hypothesis (5) is
that APCs might also recognise PAMPs indirectly via mediators produced by other
cells which have sensed a PAMP (for discussion see (4)). Here I established that the
m olecules responsible for the TCR-dependent m odulation of DCs are mainly T cellderived. Many protocols used by other investigators include long cultures in the
presence of TNFa, a molecule released by a w ide range of cells upon infection and a
prime candidate to mediate indirect activation of DCs (508). Such cells cannot be
considered immature but have rather progressed towards a mature state (509).
Furthermore, it is not unlikely that the agonistic anti-CD40 antibody preparation used
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in som e studies were contaminated w ith endotoxin or other bacterial products
representing PAMPs^®.

The finding of CD40-independent pathways for DC stimulation by T cells are
consistent with data showing that CD40- or CD40L-deficient mice can mount normal T
cell responses but have defects in T-B cell interactions (510, 511). Interestingly, a recent
study suggests that the primary role of CD40L expressed by activated CD4^ T cells is
not to activate APCs but rather to directly signal to CD 8 ^ T cells (512). The study for
the first time provides evidence that CD40 is expressed at low but detectable levels on
activated CD 8 ^ T cells. N evertheless, the question remains w hich T cell-derived
m olecules can m ediate CD40L-independent DC activation necessary in many
situations for the induction of potent CD4^ and CD 8 ^ T cell responses. It has become
increasingly clear over the last few years that m olecules from the TNF and TNF-R
families, whose members include CD40L and CD40, respectively, play a crucial role in
these processes. TNF and TNF-R are the paradigms of two large protein families of
type II and type I transmembrane proteins, respectively. The expression of many TNF
family members occurs on activated lymphocytes, where they play an important role
in effector functions and in maintaining homeostasis of cells of the immune system.
The expression pattern of members of the TNF-R family varies considerably and their
functions range from the promotion of cell growth and differentiation to the induction
of apoptosis (for reviews see (513, 514)). The TNF-Rs can be divided into two groups
on the basis of the presence or absence of a stretch of 70-80 amino acids in the
cytoplasmic domain, termed the death domain (DD). DD-lacking receptors include
CD27, CD30, CD40, 0X40, 4-1BB, and RANK. Fas and TRAIL-Rs represent prominent

^ Antibodies are routinely purified using protein A or G columns. Protein A and G are bacterial
cell wall products. Bacterial cell walls are richly endowed with PAMPs
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DD-containing receptors. The extracellular domains of the receptor molecules contain
two or more cystein rich repeats arranged in a "cystein knot" topology to form the
ligand binding surface. The ligands are predicted to exist as trimers that recruit three
receptor m olecules to initiate signalling (515). The expression of soluble TNF-R
m olecules lacking a functional cytoplasmic dom ain has been proposed to inhibit
signalling through intact receptors. One of these so-called decoy receptors is CFG,
which binds to both TRANCE and TRAIL (516,517).

Whereas CD40L is primarily expressed on activated CD4^ T cells (506), TRANCE,
another member of the TNF family, is expressed on both activated CD4^ and CD 8 ^ T
cells (503, 518). Interestingly, TRANCE is further upregulated on activated CD4^ T cells
when they receive costimulatory signals. The maximal level of TRANCE following the
initial T cell activation event occurs at 48 hours, and high levels of TRANCE
expression are sustained until 96 hours (503), while CD40L is rapidly expressed and
downregulated (506). Message for the cognate receptor for TRANCE, RANK, can be
detected in cells from various tissues, however, at the protein level, RANK is only
detectable on the surface of DCs, suggesting that RANK expression is post
transcrip tionally regulated. At the cell surface, RANK expression is dependent on
PAMPs and signals from new ly activated T cells. Surface expression is rarely
detectable in the absence of cytokines (516), suggesting that RANK is probably
upregulated secondary to receiving early cognate signals from T cells. Thus, whilst
CD40/CD40L interactions may primarily control the initial stage, RANK/TRANCE
(519) may act at later stages of the immune response than CD40L. Indeed, blocking of
TRANCE with soluble RANK does not inhibit the primary anti-viral CTL responses,
but impairs the proliferation of CD4^ T cells at later time-points after infection (520).
The blockade of CD4^ T cell response was virtually complete in CD40-deficient mice.
Thus, at later stages of the immune response, TRANCE regulates CD40L-independent
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activation of CD4^ T helper cells (520). These observations suggest that although
CD40L and TRANCE have functional similarities and may cooperate, they also have
fundamentally different functions in the control of immune responses. In contrast to
CD40/CD40L, RANK/TRANCE signalling does not alter the expression of cell surface
molecules such as MHC class II, B7-1, B7-2, and ICAM-1, but does upregulates CD40
(502). Furthermore, recombinant soluble TRANCE stimulates the DC production of
various inflammatory cytokines, such as IL-12p40 and p35, IL-1 (3, IL- 6 and IL-15 (503,
520). Whether the cytokine-inducing capability is an autonomous effect of TRANCE or
due to contamination of the recombinant TRANCE reagent w ith PAMPs is unclear.
Although DCs are eliminated relatively rapidly after migrating to the T cell areas of
lym ph nodes (205, 521), cognate interaction with antigen-specific T cells delays the
onset of DC apoptosis by

8 - 1 2

hours (522), which is probably crucial to allow sustained

signalling for full activation of CD4^ T cells (280). Increased survival of DCs upon
cognate interaction with T cells correlates w ith increased expression of the antiapoptotic molecule Bcl-x. This suggests a role for signalling through RANK in the
survival of mature DCs, since RANK-TRANCE interactions have been show n to
upregulate Bcl-x in DCs (502, 516, 523, 524), as was also show n for CD40 engagement
(525, 526). Indeed, increased in vivo imm unogenicity of ex vivo antigen-pulsed DCs
treated with soluble TRANCE appears to be due to delayed apoptosis of mature DCs
upon cognate interaction with antigen-specific T cells (524), rather than upregulation
of adhesion and costimulatory molecules on DCs (502). However, activated T cells also
propagate DC apoptosis by expression of TRAIL, FasL and TNFa, all of which are
members of the TNF family. Thus, it appears that mature DCs have short life-spans
and that mature DCs that have fully activated T cells by sustained interaction must be
effectively eliminated. Members of the TNF-R and TNF families appear to have
important functions in this process. Since both TRANCE and TRAIL are produced by
activated T cells, the balance between TRANCE and TRAIL may influence DC survival
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(527, 528). Interestingly, both TRANCE and TRAIL bind to the decoy receptor OPG,
which is produced by DCs (517,529).

Neither CD40 nor RANK cytoplasmic tails contain a DD, but DCs also express
the DD-containing TNF-R Fas, and conversely activated CTLs and Thl cells express
high levels of FasL (530). Flowever, in contrast to other leukocytes, DCs are not
susceptible to Fas-induced cell death, regardless of their maturation stage (504, 531).
This resistance correlates w ith the constitutive expression of FLIP, an inhibitory
molecule for the apoptosis pathway induced by Fas (504, 531, 532). Although it has
been reported that DCs undergo apoptosis after cognate interaction with T cells, partly
mediated by Fas (521), the finding that elimination of antigen-bearing DCs by CTLs is
independent of Fas (533) is in support of the resistance of DCs to Fas-dependent
apoptosis. Rather than inducing apoptosis, engagem ent of Fas on immature DCs
triggers their phenotypical and functional maturation (504). Fas-activated DCs
upregulate the expression of MHC class II, B7-1, B7-2, and CD40. When Fas on DCs
matured w ith LPS was engaged w ith an anti-Fas antibody, they produced IL-ip.
Corroborating this, blocking of Fas-FasL interaction during cognate DC-T cell contact
inhibits the production of IL-ip (504).

Interestingly, the N-term inal cytoplasm ic tail of m ost TNF ligand family
members is conserved across species, but not between family members (534). This and
the convincing docum entation of bidirectional transmission of a signal through
receptor and ligand by the EPH family receptor Nuk and its membrane-bound ligands
(535), lead to the suggestion of possible signalling through TNF ligands. Indeed,
growing evidence has accumulated that members of the TNF ligand family can act as
de facto receptors and transduce signals after engagement with their cognate receptors,

a process termed "reverse" or "bidirectional" signalling. For example, stimulation of B
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cells or monocytic DC precursors expressing 4-1 BBL with plate-bound 4-1 BB promotes
their activation, adhesion and proliferation (505, 536, 537). 4-lBB is expressed on T and
B cells in a strictly activation-dependent manner (538, 539), and is involved in the
generation and maintenance of potent effector function of CDS^ T cells by CD28independent costim ulation (540). 4-lBBL can be detected on activated DCs (541).
Similarly, engagement of OX40L on the surface of CD40L-stimulated B cells induces
their proliferation and differentiation (542). OX40L is expressed on activated DCs (248,
543, 544), and is thought to be involved in Th2 development (228), either by providing
a Th2-polarising signal to newly activated CD4^ T cells (545) or selectively maintaining
Th2-differentiated CD4^ T cells (546). Furthermore, binding of CD30L by antibodies or
CD30-Fc fusion protein induced a rapid oxidative burst and the production of IL- 8 by
freshly isolated neutrophils (547). CD30 is expressed on activated T cells (548) and
signalling through CD30 limits the proliferative potential of T cells activated in the
absence of costimulation (549). To date, neither CD30 nor its ligand CD30L have been
reported to be expressed on DCs (550). Other ligand/receptor pairs of the TNF/TNF-R
families have been suggested to have the capability for both "forward" and reverse
signalling, including CD40/CD40L (551-553), Fas/FasL (554), RANK/TRANCE (555),
and CD27/CD70 (556). Many of the relevant TNF-Rs are present on activated but not
naïve T cells, and the surface expression of som e of the TNF ligands has been
demonstrated on DCs. It is tempting to speculate, therefore, that during a cognate
interaction between activated T cells and DCs, the T cells could feed back to DCs by
reverse signalling through TNF-R/TNF family members. In this chapter, I provide for
the first time evidence that three TNF ligands implicated in reverse signalling, namely
CD30L, Ox40L and 4-1 BBL, are upregulated on DCs upon stimulation with a PAMP or
activated T cells^^, in the latter case possibly in part in a "secondary" fashion. In

In the case of C30L, I demonstrate for the first time expression of this m olecule on DC.
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support of such a model, some of the molecules studied in the experiments shown in
figure 5.11 were expressed at higher levels on DCs independent of STAg after
receiving feedback signals from new ly activated T cells. These secondary molecules
could be important during the priming of T cells as w ell as in later stages. I
demonstrated here that CD40-CD40L interactions play an important role early on
during the activation of the DC. Hence, CD40-CD40L could be a receptor-ligand pair
involved in the "primary" interaction capable of inducing "secondary" molecules on
DCs. To test this hypothesis, purified BIO.BR DCs were seeded on CD40L-expressing
or control fibroblasts in the presence or absence of STAg. After overnight culture, the
DCs were analysed by FACS for the same TNF and TNF-R family members as in
figure 5.11. Indeed, conditioning of DCs by CD40L stimulation (in the presence or
absence of STAg) resulted in virtually the same pattern of upregulation as shown in
figure 5.11 (data not shown). The implications of such potential "ping-pong" signalling
betw een activated T cells and DCs are not know to date. Moreover, whether the
individual m olecules studied here indeed play a significant role in T cell-DC
communication awaits further investigation.
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