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Ode to dendritic cells

'What is a dendritic cell, Daddy?'
'A dendritic cell, Son,' said I,

'Is a tall bag of cheese
Plus a Chinaman's knees

And the leg of a nanny goat's eye.'

'How strange is a dendritic cell, Daddy?'
'As strange as strange,' I replied.
'When the sun's in the West

It appears in a vest

Sailing out with the noonday tide.'

'What shape is a dendritic cell, Daddy?'
'The shape, my son, I'll explain:
It's tall round the nose

Which continually grows

In the general direction of Spain.'

'Are you sure there's a dendritic cell, Daddy?'
'Am I sure, my son?' said I.

'Why, I've seen it, not quite
On a dark sunny night
Do you think that I'd tell you a lie?'

With apologies to Spike Milligan and his Bongaloo
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Abstract

Dendritic cells (DCs) are the watchmen of the immune system. They survey the

peripheral tissues and display samples of surrounding antigens for inspection by T
cells. Pathogenic or inflammatory signals trigger DCs to mature, upregulating their

expression ofMHC and costimulatory molecules and converting them into potent T
cell stimulators. The character of the activated DC depends not only on the stimulus
but also on concomitant environmental signals. This thesis tests the hypothesis that
in vitro manipulation of DC function can be used to direct immune responses in vivo.
The work focuses on the cytokine IL-10 and asks whether its impact on DC
maturation can mediate T cell tolerance.

IL-10 has been reported to trap DCs in an immature state, leading to antigen

presentation without full costimulation and consequent T cell anergy. Data presented
here show that DCs do become activated in the presence of IL-10. They

downregulate antigen uptake and, 6 hours after stimulation, display high levels of
MHCII and B7. Their activation is short-lived, with both MHC and B7 expression

returning to baseline within 18h. Even at 6 hours, with high levels of surface MHC
and costimulation, the IL-10 treated DCs express little 1L-12 and fail to elicit strong
T cell proliferation. IL-10 seems not to act by inhibiting DC maturation but instead

by dictating the kinetics and quality of their activation.

The consequence of this DC activation for the responding T cells is also examined.
Both in vitro and in vivo, using co-cultures and adoptive transfers of TCR transgenic
T cells followed by DC-based immunisation, initial contact with IL-10 treated DCs

appears to leave T cells hyporesponsive to subsequent challenge. In a mouse model
of autoimmunity, these DCs suppress disease.

Taken together these data suggest that, rather than preventing DC maturation, IL-10
directs an active DC phenotype that can regulate immune responses. These DCs
have exciting therapeutic potential.
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Chapter 1 - Introduction

1.1 Overview

Dendritic cells (DCs) are potent antigen presenting cells (APCs). In vitro they
stimulate T cell proliferation with 100-1000 times the efficiency of bulk leukocytes

[1 ]; in vivo they are uniquely capable of eliciting a primary antigen specific response

[2, 3], DCs are often described as the sentry guards of the immune system, stationed

throughout the periphery, continuously sampling their environment by phagocytosis
and pinocytosis [4, 5], Antigens are taken in, processed and presented on the cell
surface. As the DCs migrate to the draining lymph node, they upregulate MHC and

costimulatory molecules and mature into specialised T cell stimulators, initiating

adaptive immunity [6, 7].

Their central role in the activation of naive T cells gives DCs a strategic position in
the control of immune responses. Many DC phenotypes exist, reflecting differences
in ontogeny, maturation stage and environment. Both myeloid and lymphoid DCs
have been reported and multiple developmental pathways are described (reviewed in

[8, 9]). Evidence suggests that DC phenotype can be altered by certain cytokines and
a model has been proposed in which different immune responses are thought to result
from equivalent DCs matured in different conditions [10]. DCs are capable both of

influencing the Thl/Th2 balance [11, 12] and inducing either tolerance or immunity

[13, 14], An appreciation of the mechanisms involved in this control might enable

specific manipulation of the immune system. This project set out to examine the

flexibility of DC function, using DCs cultured in the presence of defined stimuli.
The hypothesis is that DCs modified by stimulation in vitro can be used to direct the
outcome of immune responses in vivo.
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1.2 Professional APCs

DCs were first observed by Langerhans in 1868 [15], but it was not until 1973 that
Steinman and Cohn provided a full description [16], They were identified initially

by morphology (fig 1.1): their long cytoplasmic pseudopodia distinguished them
from other large mononuclear cells within a spleen preparation. Electron microscopy
revealed a typically large nucleus, an electron lucent cytoplasm relatively devoid of
small particles and a smooth outer surface, quite different from the ruffled

appearance of the macrophage membrane. Vital dyes and histochemical reagents
also demonstrated characteristic staining patterns. Dendritic cells were declared a

novel cell type, related to but distinct from macrophages [16-19],

Figure 1.1 DC morphology. The main picture shows a DC grown in a glass
chamber well and photographed using phase contrast microscopy, and was
provided by Lynda Stuart (CIR, University of Edinburgh). The smaller pictures are
cytospins, stained with H&E. These DCs were grown from bone marrow
precursors (upper picture; see section 2.3.3) or isolated from spleen (lower picture;
section 2.3.2) and were photographed at magnification xlOOO.
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1.2.1 Antigen uptake

Subsequent use of immunocytochemistry and flow cytometry revealed variations in
DC maturation state [20, 21]. Immature cells such as Langerhans cells (LCs) in the

skin and interstitial DCs in the kidneys, heart and other peripheral tissues [22, 23] are

primed for antigen acquisition. They filter soluble antigens from extracellular fluid
taken up by macropinocytosis at such a rate that they can internalise the equivalent of
their own volume within two hours [4], They are highly phagocytic, engulfing

particulate antigens or whole bacteria via membrane-bound receptors [24],

Phagocytosis is enhanced by opsonisation of pathogens with antibody or complement

[25, 26] and immature DCs have been shown to express both Fc receptors (FcyRI,

RII, and RIII and FceRI and RI1) [27] and the receptor for C3b [28], The CD1 lc
marker often used to identify DCs is a component ofCR4 [29], Scavenger receptors
such as CD36 are also expressed by immature DCs, enabling the phagocytosis of

apoptotic cells or debris [30, 31].

Immature DCs also capture considerable amounts of antigen by receptor-mediated

endocytosis [32]. They possess several lectin receptors, including the DC-specific

ICAM-grabbing non-integrin (DC-SIGN) [33], the DC immunoreceptor (DCIR) [34]
and DEC-205 [35, 36], The natural ligands for DEC-205 are unknown, but anti-DEC
antibodies are internalised and presented to T cells with 100 times the efficiency of

non-specific antibodies [37]. DCs also express the macrophage mannose receptor,

which binds carbohydrates and targets them to lysosomes [38], The low pH of the

lysosomal compartment dissociates the complexes and the receptor then returns to

the cell surface. This rapid recycling allows a limited number of molecules to

internalise a considerable amount of antigen [4], Interestingly, LCs express much
lower levels of the mannose receptor than other immature DCs and their endocytic
and phagocytic activity is relatively impaired [39]. This may be a regulatory
mechanism to dampen reactivity to harmless environmental antigens that contact the
skin.

The binding and intemalisation of antigens is further enhanced by DC receptors that

recognise common molecular structures on the surface of invading microorganisms.

17



Janeway first proposed the existence of pathogen-associated molecular patterns

(PAMPs) and complementary pattern recognition receptors (PRRs) before any

examples were identified; he argued that such a system was necessary to distinguish
self from non-self and to prevent autoreactivity of the immune system [40], Since

immunity encourages antigenic variation by selecting against pathogens bearing

recognised motifs, PAMPs are usually structures that are essential for microbial
survival and hence are shared by many different microorganisms. They include cell
wall components of yeasts, gram negative and gram positive bacteria, such as

mannans, lipopolysaccharides (LPS), lipoteichoic acids (LTA) and peptidoglycans

(PDG), as well as flagellin, bacterial CpG DNA motifs and the double-stranded RNA
of viruses [41], Their receptors encompass antigen binding molecules such as DEC-
205 and the mannose receptor, together with a recently discovered family of

specialised PRRs, the Toll-like receptors (TLRs).

The original Toll receptor is a Drosophila protein involved in body patterning and

anti-fungal immunity [42], Ten mammalian homologues have now been identified,

expressed on APCs and other cell types [43, 44] and able to recognise a wide range

of microbial products (table 1.2). The TLRs are implicated in antigen internalisation:

CpG triggering of TLR9 requires an endosomal location [45, 46] and TLR2 is
recruited to phagosomes after challenge with zymosan [47], Both TLR2 and TLR6
accumulated in endosomes containing phagocytosed red blood cells, however,

despite neither being a specific receptor [48]. This may reflect a passive role of the
TLRs as innocent bystanders, swept into the phagosomes by physical proximity to

the receptor actually engaged by the erythrocytes. Alternatively, TLRs may be

actively recruited to the phagosome after internalisation, enabling them to peruse the

phagosomal contents and transmit danger signals when appropriate [48]. This ability
to signal is the basis of much of the interest currently surrounding TLRs: not only do

they bind pathogens but, by concomitantly stimulating DCs, they also form a bridge
between the innate and adaptive immune systems [44].

18



TLR Putative ligand Reference

j unknown, [49]
but dimerises with TLR2

2 lipoproteins, peptidoglycans, [48,50-53]
structural variants of LPS,

zymosans

3 double stranded RNA [54]

4 LPS, [55,56]
F protein ofRSV, [57]

HSP-60, fibronectin [58, 59]

5 flagellin [60]

^ unknown, [48,49]
but dimerises with TLR2

7 unknown [61]

g unknown [61]

9 CpG DNA [46]

in unknown [62]

Table 1.2 Mammalian Toll-like receptors and their ligands. Compiled from [44, 63].

1.2.2 DC stimulation

The acquisition of foreign antigens is closely associated with DC activation,

initiating the changes that convert the DC from a dedicated antigen collector into a

specialised presenting cell. As pathogens are bound and internalised, they stimulate

signalling cascades that conventionally lead to upregulation ofMHC and

costimulatory molecules and the release of proinflammatory cytokines [7]. The
TLRs are classic examples of these signalling molecules. The inflammatory

response to most LPS molecules is mediated via TLR4: LPS hyporesponsive
C3H/HeJ mice carry a mutated version of the tlr4 gene [55] and B cells from TLR4"
mice fail to proliferate or to upregulate MHCII after LPS stimulation, despite a
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normal reaction to IL-4 [56]. TLR4 deficient macrophages are similarly affected,

releasing neither TNFa nor nitric oxide in response to LPS stimulation [56],

The TLR4 receptor is a transmembrane homodimer which clusters with both CD 14
and an adaptor molecule, MD-2, to form an LPS activation complex on the DC
surface (fig 1.3)[64, 65], Signals are transmitted into the cell through one of two

adaptor molecules that bind to a Toll/IL-IR (TIR) domain in the cytoplasmic tail of
each TLR4 molecule [66, 67]. MyD88 acts in conjunction with another adaptor,

Tollip, to recruit the IL-1 receptor associated kinase (IRAK) [68], Once activated,
IRAK dissociates from the complex and signals via a TNF-receptor associated factor,
TRAF 6, to initiate a MAP Kinase cascade that results in dephosphorylation of IkB,
release of the NFkB transcription factor and expression of a variety of genes under

Figure 1.3 Signalling through
TLR4. LPS binds the TLR4
homodimer through interaction with
the coreceptor CD 14 and an adaptor
protein, MD-2. Intracellular signalling
then occurs either via the adaptor
molecules MyD88 and Tollip, which
activate the IL-1 receptor associated
kinase (IRAK) and initiate a mitogen
activated protein (MAP) Kinase
cascade to release NFkB from

suppression, or via the alternative
adaptor MyD88-adaptor like (Mai,
also known as TIRAP) which then
signals through IRAK-2 and protein
Kinase R (PKR) to activate the
transcription factor IRF-3.

FLRTLR

i \
IRAK-2 IRAK

PKR MAP Kinase

4 4
IRF-3 NFkB

i 4
B7.1, B7.2 ... |->- IL-1, IL-6, IL-12 ...
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the control ofNFkB response elements, including those encoding IL-1, IL-6 and IL-

12 [69, 70]. The second adaptor, named both MyD88 adaptor-like (Mai) and TIR

domain-containing adaptor protein (T1RAP) [71, 72], provides a MyD88 independent

pathway that leads to activation of the transcription factor IFN-regulated factor 3

(IRF-3) and expression of genes such as B7.1 and B7.2 [73, 74],

MyD88 and Tollip also associate with other TLR receptors, including TLR2, 5, 9 and
their heterodimers [48], and several of the downstream molecules such as IRAK and
the TRAF family serve additional receptors on the DC surface [75-77], This

convergence of signalling pathways at least partly explains the similarity of DC
activation in response to quite different stimuli. Huang et al. used microarray

technology to demonstrate that exposure of DCs to Escherichia coli, Candida
albicans and influenza virus each induced the same set of 166 genes, and that this
effect could be reproduced almost exactly by replacing the E.coli with LPS and the
influenza virus with double stranded RNA [78], This suggests that TLR4 and TLR3
use a common signalling pathway, presumably targeting NFkB [78], In addition to

the shared 166 genes, however, E.coli induced another 118 and influenza virus
activated a specific 58. These differences reflect the ability of alternative adaptor
molecules and coreceptors to interact with the TLRs, translating distinct stimuli into
individual blends of genes and appropriately tailored DC phenotypes [79].

The ability of TLRs to bind microbial motifs is a prime example of self:non-self

discrimination, but their specificity is not absolute. Both human heat shock protein
60 and fibronectin have been shown to activate signalling through endogenous TLR4

[58, 59]. Interestingly, fibronectin interacts with TLR4 via its extra domain A

(EDA) region. The EDA region is normally absent and is only expressed as a

product of alternative splicing, induced by tissue injury [80, 81]. The TLRs appear

then to be capable of recognising both foreign invasion and signs of damage or

'danger' within the host [82],

DC activation can also be triggered by other endogenous molecules. Necrotic cells
are potent stimuli of DCs, reflecting both their active production of distress signals
such as heat shock proteins and the passive release of molecules previously

21



sequestered within the cell [83]. In the skin, IL-1, GM-CSF and TNFa are all

secreted by keratinocytes in response to physical or chemical disruption of the

epidermis, and all induce activation of local LCs [84-86], Indeed, Bennett et al.

proposed that the DC activation and subsequent immune reaction caused by infection
with Leishmania mexicana is initiated not by the uptake of parasites but rather by IL-
1 or other endogenous stimuli released in response to the bite of the sandfly vector

[87],

1.2.3 DC migration

The Langerhans Cell is often quoted as an illustration ofDC biology [88], DC

precursors enter the skin from the blood, seeding the tissue with a network of
immature DCs [89]. Antigen or inflammation elicits a rapid, local recruitment of
these immature DCs [90], and as the cells respond to the activation signals that they

encounter, they undergo a series of changes in phenotype and function known as

maturation [91], They show a transient upregulation of antigen acquisition [92],

ensuring that the antigens they carry reflect the microenvironment at the point ofDC

activation, before migrating out of the skin, via the lymphatics to the T cell area of
the draining lymph node. As they travel, DCs upregulate expression ofMHC and

costimulatory molecules, and they arrive as powerful T cell stimulators [7],

The emigration of LCs from the skin and their entry to the lymph nodes is controlled

by adhesion molecules and chemokine gradients. Immature LCs are anchored to

surrounding keratinocytes by their expression of E-cadherin [93]. On activation, E-
cadherin is rapidly downregulated [94] and the LCs instead display receptors for

c*6/|3i and integrins [95], encouraging adhesion to the basement membrane.

LCs are capable of protolytic activity and secrete type IV collagenase [96], This
enables them to penetrate the basement membrane and travel through the dermis to

the lymphatic system. The shifting attachments between LCs and connective tissue
are also mediated by changes in the CD44 isoforms expressed by the LCs, a
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consequence of alternative splice variations used at different stages ofmaturation

[25, 91}.

The role of chemokines in directing the movement of DCs is also becoming

increasingly well understood [98]. Chemokines are small, chemoattractive proteins,
often named after the number and spacing of cysteine (C) residues at their N-
terminus [99], Immature LCs are recruited to sites of inflammation by their

expression of the chemokine receptors CCR1, 2, 5 and 6, which recognise molecules
such as macrophage inflammatory protein (MlP)-la, MIP-1|3 and regulated on

activation, normal T cell expressed and secreted (RANTES). LC activation initiates
the downregulation of these receptors and replaces them with high levels of CCR7

which, through its attraction to the chemokines secondary lymphoid-tissue
chemokine (SLC) and MIP-3|3, guides the LCs into the T cell areas of draining

lymph nodes [100, 101]. The importance of this interaction is illustrated in mice

lacking either CCR7 or SLC: both knockout strains are unable to mount primary
immune responses because of inefficient recruitment ofDCs and naive T cells into

secondary lymphoid tissue [102, 103],

Once in the lymph node, the potent ability of DCs to stimulate T cells is also a result

of their maturation. The transient increase in antigen acquisition following LC
stimulation is accompanied by a temporary accumulation of de novo synthesised
MHCII molecules in cytoplasmic vesicles, enabling efficient loading with external

antigens [4, 92], This ends with a marked downregulation of both antigen uptake
and MHC production and instead, existing MHC:peptide complexes are transported
to and stabilised on the cell surface [92, 104], This enhanced antigen presentation is

supplemented by increased expression of adhesion molecules including ICAM-1, 2
and 3 and DC-SIGN, which together strengthen the physical interaction between
DCs and T cells [33, 105], and by marked upregulation of costimulatory molecules
such as B7.1 (CD80), B7.2 (CD86) and CD40, which augment T cell stimulation

[106]. DC maturation also elicits increased secretion of cytokines that promote
effector T cell development, including IL-12, IFNy and perhaps even IL-2 [107,

108] [109]. As a result, the classical outcome of LC activation and maturation is T

cell immunity (fig 1.4)[110].
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T cell expansion
and effector cell differentiation

Figure 1.4 Life cycle of a Langerhans Cell. Haematopoietic progenitors seed the
tissues with immature DCs. Inflammation or antigen stimulates the DC, triggering
maturation and migration to the draining lymph node. There the mature DC stimulates a
vigorous T cell response. Adapted from [398].
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1.2.5 Activation vs maturation

Models ofDC maturation such as this provide considerable insight into the important

stages in DC development, but they also raise several questions. Do all DCs respond
to stimulation in this way? Is maturation an inevitable consequence of DC
activation? The terminology here is confusing: 'activation' and 'maturation' are
often used interchangeably and neither has a clear definition. Strong stimuli such as

LPS or heat-killed bacteria, commonly used to activate DC in vitro, cause DC

maturation and subsequent death [5], In this situation, the two words describe very
similar events. This is not always the case. Both recombinant TNFa and a

Bordatella pertussis antigen have been reported to upregulate MHCII and B7

expression on DCs without eliciting cytokine secretion [111, 112], The DCs are

clearly activated, and yet they have only completed part of the classical maturation

process [113], A more extreme example is provided by DCs cultured overnight in
soluble egg antigen (SEA), derived from the eggs of the parasitic helminth
Schistosoma mansoni. Mice infected with the intact parasite mount a strong Th2

response that is essential for survival [114], DCs treated with SEA and then injected
in vivo induce a similarly powerful Th2 reaction. Importantly, they achieve this
without any detectable increase in expression of B7.1, B7.2, CD40 or ICAM-1 and
with very little upregulation ofMHCII [115], The Th2 response was specific to DCs

pulsed with SEA; it was not reproduced by untreated DCs. SEA therefore appears to

induce DC activation in the absence of any conventional maturation.

It may also be possible to generate mature DCs that are no longer activated. DC
activation is rapid. Export ofMHCII complexes to the DC surface is observed
within 2h of LPS stimulation [116] and IL-12 release can be detected within at 4h

[117], The process is also transient. Langenkamp et al. described the DC phenotype
after activation as 'exhausted'. Their LPS stimulation triggered classical maturation
in the DCs, but once that initial activity had passed, the capacity of the cells to
secrete cytokines, particularly IL-12, was spent [118], Reis e Sousa and colleagues

reported a similar phenomenon, which they called 'paralysis' [119], The timing of
DC activation could be a significant factor in determining the outcome of T cell

responses.
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1.3 DC heterogeneity

1.3.1 Origins and Lineage

DCs are CD45+ leukocytes, originating in the bone marrow. This was neatly
demonstrated in allogeneic bone marrow transplants: donor strain MHCII was

expressed by Langerhans cells in the recipients' skin [120], Early analysis of the DC

phenotype noted the presence of certain monocyte and macrophage markers,

including CD14 and F4/80 [19, 20], The myeloid lineage ofDCs was generally

accepted, and the debate then was whether DCs represented an independent cell type
or were merely veiled macrophages [121], Steinman and colleagues demonstrated
the shared ontogeny ofDCs and macrophages in a series of colony forming assays:

single cells gave rise to mixed populations [122], Standard protocols for obtaining
DCs in vitro involve their differentiation from monocyte precursors [91, 123], and
the same appears to occur in vivo [124-126],

The paradigm of a myeloid, immunogenic DC is not always a valid one, however.

Thymic DCs are thought to effect negative selection of developing T cells and
contribute to tolerance rather than immunity [127, 128]. A significant number of
these thymic DCs in mice display the CD8 surface marker typical of lymphoid cells

[129]. The CD8 was shown to be endogenously produced, suggesting a lymphoid

origin. This was supported by adoptive transfer experiments in which early T cell

precursors, still capable of developing into B lymphocytes but not to erythroid or

myeloid cells, formed both DC and T cell progeny when used to reconstitute an

irradiated thymus [130, 131].

Although these key thymic reconstitution experiments were not clonal, formally

leaving open the possibility that trace contamination by myeloid progenitors might
account for the DCs that developed, the evidence for a lymphoid lineage is strong.
DCs have been observed with B as well as T cell characteristics. Grouard et al. first

described the human 'plasmacytoid T cell', which expresses the lymphoid marker

CD4, resembles a plasma cell in appearance, and yet will readily differentiate into a

DC when cultured in conditioned medium [132], CD 19 positive pro-B cells can
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acquire a DC phenotype in vitro [133], and a subset ofDCs found in murine

lymphoid tissues has recently been identified by expression of the common B cell
marker B220 [134, 135],

Further support for two distinct lineages ofDCs was provided by the analysis of

transcription factor mutants, which revealed differences in signalling requirements
between DC subsets (table 1.5). PU.l is an efe-family transcription factor expressed
in early haematopoietic progenitors [136]; PU.l knockout mice have CD8+

'lymphoid' but not CD8- 'myeloid' DCs [137], RelB is a component ofNFkB

Transcription factor
removed

Cells disrupted Cells surviving Reference

PU.l CD8- myeloid DCs CD8+ lymphoid DCs [137]

RelB All myeloid cells
inc. most DCs

CD8+ DCs in spleen,

thymic DCs

[138] [139]

Ikaros (dominant negative) Lymphocytes, most
DCs

Myeloid cells, LCs [141, 142]

Ikaros (C terminal null) B cells, NK cells,

most DCs

Myeloid cells, LCs,
T cells, CD8+ DCs

[143]

Table 1.5 Lymphoid and myeloid specific deficiencies in transcription factor knockout mice.

complexes and RelB null mice lack CD1 lc+ myeloid cells including the majority of
DCs [138], Wu et al. noted a residual population of splenic CD8+ DCs in these

mice, and suggested that normal development of thymic DC would occur were the

thymic medulla not so defective [139], Conversely, Ikaros is a lymphoid specific

transcription factor and a dominant negative mutant, Ik7, blocks the in vitro

development ofDC from human lymphoid precursors [140], DC differentiation
from peripheral monocytes was unaffected. The same dominant negative mutation in

transgenic mice severely disrupts both lymphocyte and DC development. Myeloid
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cell and epidermal LC populations survive intact [141, 142], A null mutation at the

C-terminus of Ikaros, specific to Ikaros and not affecting related genes, similarly

depletes B and NK cells but some T cell development leaks through. Importantly,
this is accompanied by the appearance ofCD8+ DCs in the thymus [143],

These data strongly support the existence of lymphoid well as myeloid DCs, but the
observations are not unambiguous. The extent of DC disruption in Ikaros deficient
mice indicates either that all DCs other than LCs are lymphoid in origin, or that
Ikaros is also involved in the development of some myeloid cells. A similar story

emerges from an analysis of the cytokine dependence of different DC populations.
Saunders et al. [144] have reported the unique ability of lymphoid DCs to develop in
culture without GM-CSF, and they argue that the common use ofGM-CSF as a

support factor for DC growth in vitro may skew results towards apparently myeloid

origins. The cytokine cocktail needed to replace GM-CSF was complex, however,
and notably included IL-3 and 1L-7. In the absence of these interleukins, GM-CSF

regained its influence as a growth factor. The receptors for IL-3 and GM-CSF share
a common (3 chain and may stimulate the same signalling networks [145], Mice in

which the GM-CSF gene is disrupted show little deficiency in DC number [146],

Again, this could reflect either the lymphoid origin of the majority ofDCs, or merely
the redundancy of cytokine function in vivo.

1.3.2 DC subsets

A discussion ofDC lineage becomes largely academic without some implication of
functional consequence. The evidence for an ontogenic influence on DC function in

vivo is not yet clear. Thymic DCs are CD8+, are almost certainly lymphoid [130,

147] and mediate tolerance rather than immunity [148, 149], but the T cell outcome
here may well reflect the developmental stage of the thymocytes rather than any

inherent quality of the DCs [150], CD8 expression is also a feature of a subset of
DCs in the spleen, lymph nodes and certain non-lymphoid organs (fig 1.6) [129],
While it is clear that these cells can have unique functions [151, 152], it is unlikely
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Figure 1.6 DC subsets of mouse lymphoid organs. Splenic DCs comprise three major
subpopulations, defined by their expression of CD8aa and CD4. Lymph nodes contain the
same three subsets with two additional populations, thought to arrive through the lymphatic
system. One of these expresses low levels of CD8 but is Langerin positive and probably
represents the mature form of epidermal Langerhans cells. The other is distinguished from
CD8-CD4- double negative DCs by its expression of DEC-205, and is believed to be the
mature version of tissue interstitial DCs. The arrows here denote only phenotypic divisions
and do not indicate any lineage relationship.

that their CD8 expression is lineage specific. Splenic CD8+ DCs do not originate in
the thymus: they are present as normal in athymic nu/nu mice [149]. They cannot
then share the same lymphoid precursor as thymic DCs. Shortman and colleagues

argue that equivalent lymphoid progenitors might exist in the bone marrow [153], but
other researchers have demonstrated that splenic CD8+ DCs can derive from a highly

purified CD8- DC population in vivo [154]. This suggested a shared and perhaps

sequential myeloid lineage. Kamath et al. have used bromodeoxyuridine (BrdU)

staining to assert the opposite [155], however, and the case is still undecided.

Langerhans cells have been shown to upregulate CD8 expression on maturation,

essentially converting from a CD8- to a CD8+ phenotype [156], and two other

reports have described the emergence ofCD8+ DCs from myeloid precursors [157,

158],
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Although CD8 has disadvantages as a lineage marker, it does separate distinct
functional populations. In keeping with the role of thymic DCs in central tolerance,
CD8+ DCs in the spleen and lymph nodes were originally proposed to mediate

peripheral tolerance [151]. Shortman and colleagues demonstrated suppression of
both CD4 and CD8 T cell responses by CD8+ DCs. CD4 inhibition was associated
with T cell apoptosis, perhaps due to the expression of FasL by CD8+ DCs [159];
CD8 suppression was due to failure of IL-2 induction [160, 161]. More recently,
O'Connell et al. increased cardiac allograft survival by pretreating mice with donor
strain CD8+ DCs [162], and Heath and Carbone have identified the APC responsible
for cross-tolerance of the CD8+ T cell pool as a CD8+ DC [163, 164], The same cell
has been previously implicated in cross-priming [165], however, so factors other than
DC subset are clearly involved.

In contrast to any tolerogenic role, several groups have reported the preferential
induction of Thl reactions by CD8+ DCs [152, 166, 167], and it is now widely

accepted that CD8+ DCs are the dominant producers of IL-12 [168, 169]. Both
conclusions serve to emphasise the influence of subset divisions on DC function, but
otherwise reconciling tolerance with strong Thl responses is difficult. The

explanation may lie in the regulatory functions of Thl cytokines such as IL-2 and

IFNy. IL-2 is a prototypic T cell growth factor, supporting the clonal expansion of
activated T cells by both autocrine and paracrine routes [170], IL-2 knockout mice
are not immunodeficient, however, but instead display profound lymphocyte

hyperplasia and symptoms of autoimmunity. Other cytokines appear to be able to

compensate for its growth factor function, but its presence as an inhibitor is

absolutely necessary to prevent anti-self responses [171]. IL-2 may potentiate Fas-
mediated apoptosis [172-174], which is in keeping with the deletional tolerance seen

among CD4 T cells responding to CD8+ DCs in vitro [159]. The Thl cytokine IFNy
has also been reported to drive T cell apoptosis: cells lacking IFNy are protected
from activation-induced cell death [175], T cell tolerance and Thl proliferation may

then be two sides of a fine balance, and in this situation, minor discrepancies in the
cell purities and model antigens used in individual laboratories might be sufficient to

generate quite different outcomes.
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Distinct lineages and subsets of DCs exist in man as well as in mouse (reviewed in

[169, 176]), although how exactly the populations correlate between species remains
unclear [9]. Human DCs lack the CD8 marker seen in mice, but they do express CD4

[132] and the CD4+ CD3- CD1 lc- "plasmacytoid" DCs that emerge from cytokine
stimulation of peripheral blood are probably lymphoid in origin [132, 177, 178],

Functionally, monocyte-derived, CD4- CD1 lc+ "DC1" cells respond to bacterial
stimuli with a vigorous release of proinflammatory cytokines such as IL-12, TNFa

and IL-6 [11, 179]. The plasmacytoid "DC2" cells and particularly their precursors,
the pre-DC2s, are instead a major source of type 1 interferons [180, 181] and hence
form an important anti-viral defence [182]. lFNa/(3 producing DCs have also been

identified recently in mice [183]. The correlation between human and murine DCs is

complicated by the difficulty of accessing equivalent tissues. Most human studies
use peripheral blood, a scant resource in mice. Shortman and colleagues have

recently begun a heroic investigation of the DC subsets in mouse blood (Shortman,

2002, NIH/NIAID meeting, Airlie, Virginia, USA) and, with support from rare

descriptions of the DC populations in human spleen and tonsils [184-186], they
maintain that a direct comparison of DCs in mice and men will reveal close
similarities [9],

1.3.3 DCplasticity

The great attraction of DCs for immunotherapy is their ability to assess the nature

and context of an antigen and to tailor the immune response appropriately. DC
subsets make a substantial contribution to this flexibility, providing the total DC

population with a variety of possible functions. Several mechanisms exist to target

antigens to relevant DCs. Human, monocyte-derived 'DC1' cells express a different

range of antigen recognition receptors from their plasmacytoid 'DC2' counterparts.
DC Is display high levels ofmannose receptors, favouring the uptake of

polysaccharide antigens, while DC2 cells instead express a unique lectin molecule

recognised by the antibody BDCA2 [132, 187], In the mouse, separate DC

populations have been defined by differential expression of the lectin DEC-205 [188-
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190], The TLR family of receptors also show subset specificity, with TLRs 2 and 4

predominantly expressed on DC1 cells and TLRs 7 and 9 restricted to DC2s [191,

192], Such distinctions may extend to the level of antigen presentation: DC1 cells
are particularly rich in CD 1 molecules, enabling more efficient presentation of lipid
moieties [193].

That said, the need to match each antigen with a particular DC seems surprisingly
inefficient. It is improved by appropriate tissue localisation of the DC subsets. The
best example of this is the dominance of tolerogenic lymphoid DCs in the thymus

[190, 194], but other tissues also show characteristic immune responses and this too
could be a result of polarised DC compositions. The LCs of the skin are classic

examples of immunogenic DCs [20] and, correspondingly, antigen delivery by a

subcutaneous route favours strong immunity [195]. DCs isolated from Peyer's
Patches appear to be inherently skewed towards Th2 induction [196, 197], which

may reflect the contribution of Peyer's Patches in providing access for intestinal

antigens to the immune system. The liver is also an inherently tolerogenic organ

[198, 199] and considerable effort has been made to identify and exploit the DC
characteristics that contribute. Liver-derived DCs cultured with IL-3 and anti-CD40

were recently shown to induce regulatory T cells in vitro and prolong allograft
survival in vivo [200],

Another unique quality of the liver is its cytokine microenvironment. Hepatocytes
secrete TGF|3 and IL-10 [201-203], both ofwhich are reported to inhibit DC

maturation and suppress T cell responses [204, 205], The influence of these

cytokines implies that the flexibility ofDC function is not just a population effect but
also a feature of individual cells. Indeed, Kalinski et al. have proposed a model in
which equivalent myeloid DCs are matured and polarised by environmental signals,

generating very different T cell outcomes [10]. The supporting evidence is strong.

IFNy has been shown to enhance DC production of IL-12 and skew responding T

cells towards a Thl phenotype, while prostaglandins suppressed IL-12 release and

produced a Th2 response [10, 12]. Sato et al. stimulated DCs in vitro with GM-CSF,
IL-3 and IL-12 and achieved a clear Thl response; replacing the IL-12 with IL-4

instead promoted Th2 proliferation [206], Human plasmacytoid DCs, which when
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cultured with IL-3 will preferentially drive a Th2 reaction, are capable of eliciting

IFNy and 1L-10 from T cells when stimulated with herpes simplex virus [182, 207].

Similarly, murine bone marrow-derived DCs can distinguish bacterial and parasitic

antigens and stimulate type 1 and type 2 immunity accordingly [115, 208], even

discriminating between the yeast and hyphae of the fungus Candida albicans [209].

The plasticity ofDC function is not restricted to regulation of the Thl/Th2 balance.
Kalinski's model also described 'type 3' DCs, generated in the presence of IL-10

[10]. IL-10 is an immunosuppressive cytokine, originally described as a product of

polarised a Th2 clone [210] and now known to be released by a variety of cells

including keratinocytes, B cells, macrophages and DCs [211, 212], It downregulates
the APC function ofmacrophages and DCs, reducing surface MHC and
costimulation and inhibiting cytokine production [213-215], Its effect on DCs is
described as an inhibition ofmaturation: IL-10 is thought to prevent the upregulation
of activation markers such as MHCII and B7.2, causing the DC to arrive in the

lymph node and interact with T cells while still essentially immature [205, 216],

Although capable of forming surface MHC:peptide complexes [217], the low levels
ofCD40, B7.1 and B7.2 on these cells are thought to result in antigen presentation
without adequate costimulation, leading to T cell tolerance [10, 216],

Other reagents have also been reported to inhibit DC maturation, including
corticosteroids [218], vitamin D3 derivatives [219] and malaria-infected erythrocytes

[30]. All appear to suppress T cell responses in vitro. The function ofDCs is clearly
influenced by their maturation state: immature DCs are thought to induce tolerance;
mature DCs, immunity [220], Their activation state may also be significant. In their
characterisation of post-activation 'exhaustion', both Langenkamp et al. and Reis e

Sousa et al. described the contrasting T cell reactions induced by DCs at different
times after stimulation. The peak of activation was associated with a Thl outcome;

post-activation quiescence with Th2 [118, 119]. The importance of timing was

reinforced recently by a similar description of kinetic regulation ofNK cell
activation [221],
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Figure 1.7 Models of DC differentiation. DCs show considerable flexibility of
function. This could be a result of (A) the contribution of distinct subsets, (B) the
influence ofpolarising signals and (C) the kinetics of DC activation.

The plasticity ofDC function is apparent at several levels. Subsets, context and
kinetics all contribute (fig 1.7). Despite the great debate between proponents of

lineage and environment in the late 1990s [222], none of these influences are

mutually exclusive. It may be, for instance, that the ontogeny of a DC dictates the
extremes of its possible functions and the cytokine signals received during activation
then determine where within that range the DC operates. The potentials of different
DC populations may be overlapping but not necessarily identical. Indeed,

Maldonado-Lopez et al. recently reported that the distinct functions of CD8+ and
CD8- DCs can be partly but not wholly reversed by prior treatment with the

cytokines IL-10 and IFNy [12], Similarly, Edwards et al. have described the ability
of yeast extracts to elicit IL-10 release from all three splenic DC populations,

CD8+CD4-, CD8-CD4+ and CD8-CD4-, while bacterial stimuli could only induce
IL-12 secretion in two. The CD8-CD4+ DCs activated with Mycobacterium extract
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were inhibited in their expression of IL-10 but could not make the full transition to

IL-12 production [223].

1.4 DC : T cell interaction

The flexibility provided by a DC system ofmultiple subsets and individual plasticity
enables immune responses to be moulded to fit their specific challenge. The
translation of each DC phenotype into a qualitatively different immune reaction
relies on a series of cell surface and soluble signalling events that occur during the
initial DC:T cell interaction.

1.4.1 TCR engagement

As nai've T cells circulate through secondary lymphoid tissue, they form weak and
transient attachments with waiting APCs through the interaction of leukocyte
function antigen (LFA) -1 and CD2 on the T cell surface and ICAM-1,2 and 3 and
LFA-3 on the DC. DC-SIGN is also important, contributing to the positioning of
DCs in the T cell area [224] and reinforcing the early DC:T adhesion [33]. These
events are thought to slow the passage ofT cells through the lymph node, allowing
TCRs time to sample the contents ofMHC grooves on display. Signalling through
the TCR further enhances T cell expression of adhesion molecules and induces a

conformational change in LFA-1 that markedly increases its binding affinity for

ICAM-3, stabilising cellular attachment [225].

This initial engagement of the TCR is followed within minutes by remodelling of
both cell membranes to form a focus of tight contact, known as the immunological

synapse [226, 227]. TCRs and costimulatory molecules become concentrated in a

central supramolecular cluster (the cSMAC), surrounded by a ring of larger adhesion
molecules such as CD2, LFA-1 and CD45, which are physically squeezed to the

periphery (the pSMAC)[228], Cytoskeletal rearrangements polarise the cells
towards the synapse, bringing together receptor and signalling molecules and

35



enabling the efficient, directional secretion of cytokines [229], The synapse

facilitates the extended TCR signalling needed to commit the T cell to proliferation
and IL-2 production. While effector or memory T cells can achieve this activation
within 30 minutes, naive cells can take between 6 and 30+ hours [230]. During this

time, specific MHC:peptide complexes on the DC are thought to be repeatedly

engaged and disengaged by a rapid turnover of TCRs on the T cell surface. In

optimal conditions, 100 MHC:peptide complexes can bind and downregulate up to

CD4

Figure 1.8 The TCR receptor. Peptide:MHC complexes on the
DC are recognised and bound by the T cell receptor a(3
heterodimer. Signalling occurs via ITAM motifs in the e, 6, y and
especially £ chains of CD3. The CD4 and CD8 coreceptors deliver
src-family kinases to initiate the phosphorylation cascade.

20 000 TCRs within 5hours [231, 232], This serial triggering causes an

accumulation of downstream signalling events inside the T cell, eventually exceeding
an activation threshold and inducing proliferation and effector cell differentiation

[233],

36



The TCR clusters on the T cell surface with a CD3 complex, comprising y,6,e and
intracellular t, chains (fig 1.8)[234], The CD4 or CD8 coreceptor also associates,

delivering the protein tyrosine kinase Lck which, together with a related kinase, Fyn,
initiates the signalling cascade that translates TCR engagement into T cell activation.
Lck and Fyn phosphorylate key sites in the immunoreceptor tyrosine-based
activation motifs (ITAMs) contained within the tails of the CD3 complex, leading to

ZAP-70 recruitment and downstream activation of adaptor molecules (reviewed in

[235]). This results in cytoskeletal reorganisation and altered gene expression,
coordinated by transcription factors such as NF-AT, AP-1 and NFkB [236, 237],

1.4.2 Costimulation

In naive cells, the coupling of TCR engagement to downstream signal transduction

pathways is relatively inefficient [238], Costimulation serves to stabilise and

amplify the signals emanating from the TCR by recruiting kinases and adaptor

proteins to the synapse [239], The best characterised of the costimulatory
interactions is that between the B7 molecules B7.1 and B7.2 on the DC and CD28 on

the T cell. Antibodies against B7.2 inhibit a mixed leukocyte reaction and negate a

primary antigen specific response [106, 240], Other molecules also contribute.
Activated DCs express 4-IBB ligand [241], which binds the 4-IBB receptor

expressed on both CD4 and CDS T cells and preferentially drives CD8 proliferation
and IFNy release [242], and the TNF family members CD40 and OX40L, which both

have receptors on activated T cells [243, 244], Costimulation is not restricted to

contact dependent mechanisms. A recent report described IL-2 release by DCs, and
this could act as a soluble mediator to initiate and support IL-2 production in

responding T cells [109, 245],
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Dendritic cell T cell

Figure 1.9 DC:T cell dialogue. Interaction between B7 on the DC and CD28 on the T
cell augments peptide:MHC signalling through the TCR, and leads to T cell upregulation
of CD40L. This binds CD40 and increases DC activation, inducing surface expression of
OX40L. Signalling through OX40 increases T cell stimulation and encourages
polarisation of the T cell response.

Costimulation is a two-way conversation. Activated T cells express TNF-related
activation induced cytokine (TRANCE), which interacts with its receptor, receptor
activator ofNFkB (RANK), on the DC to potentiate cytokine release and prolong
survival [246,247], Signalling via B7 can also regulate DC function: in vivo therapy
with the high affinity B7 ligand CTLA-4-Ig was recently shown to regulate an

immune response not just by blocking the binding ofB7 to CD28 but also through its

impact on DC metabolism [248, 249], One of the T cell consequences ofB7:CD28
communication is the enhanced expression ofCD40 ligand, which then engages

CD40 on the DC and elicits further DC activation, particularly increasing the

production of cytokines such as IL-12 [243]. The additional stimulus given to the
DCs also upregulates their expression ofOX40L and so reinforces T cell
costimulation through OX40L:OX40 interaction (fig 1.9)[244, 250],
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1.5 T cell outcomes

1.5.1 ThlvsTh2

Thl and Th2 subsets were first identified by Mosmann and Coffman in 1986 [251].

They are defined by their distinct cytokine production and effector functions: Thl
cells secrete IL-2 and IFNy and are potent activators of macrophages; Th2 cells

release IL-4, IL-5 and IL-13 and support humoral immunity [252], The two cytokine

profiles are mutually antagonistic. IFNy inhibits Th2 development; IL-4 and IL-10
both limit Thl differentiation and dampen macrophage activity [253, 254], The

polarised phenotypes that result are echoed in CD8 T cells, B cells and even NK cells

[221, 255-257]. Many factors influence the decision between Thl and Th2
dominance of an immune response, and there is increasing evidence that DCs
contribute by instructing the T cells at the moment of priming (reviewed in [168]).
IL-12 and IL-4 are critical driving factors for Thl and Th2 reactions respectively.
DC production of IL-4 has been reported [209], although not yet been reproduced.
In contrast, the ability ofDCs to synthesise and release considerable quantities of IL-
12 has been widely observed. Some IL-12 can be induced by strong activation

signals such as LPS and other bacterial components [119, 258], but this response is

potently enhanced by T cell interaction or anti-CD40 treatment [107, 259, 260],

Interestingly then, CD40 costimulation has recently been implicated in the

development of a Th2 biased response. CD40~/~ DCs were shown to be fully capable
of supporting a Thl reaction against bacterial antigens from Propionibacterium

acnes, but were unable to elicit Th2 cytokines in response to an extract from
Schistosoma mansoni [261], The role ofCD40-CD40L signalling appears

dispensable for the activation of Thl cells, but critical to Th2 differentiation.

Other costimulatory molecules are also thought to influence Thl and Th2 responses.

A dominance of B7.2 signalling over that of B7.1 has been reported to favour a Th2
reaction [262, 263]. OX40 costimulation is also associated with Th2 development,
and anti-OX40 stimulation of naive T cells in vitro induces IL-4 expression [264],
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Lane and colleagues [250, 265] have argued that T cells receiving a strong signal

through OX40 will respond by upregulating the chemokine receptor CXCR5, which
acts as a homing receptor to guide them into B cell follicles. Once there, they

provide cognate help for B cells, encouraging IL-4 release and class switching to the
Th2 associated IgGl isotype. OX40 costimulation is clearly also involved in the

optimal function ofThl cells, however, since an OX40-Ig fusion protein that blocks
the T cell signal also prevents the development of inflammatory diseases such as

inflammatory bowel disease (IBD) and experimental autoimmune encephalomyelitis

(EAE) [266, 267], Lane's explanation is that the fusion protein also binds to OX40L

expressed on vascular endothelium [268], and so prevents activated Thl cells from

entering the inflamed tissues to perform their effector functions [265]. It remains
controversial. Normal T cells transferred into OX40L deficient mice will home to

sites of inflammation; Chen et al. argue that the impaired hypersensitivity responses

in these mice reflect the importance of OX40-OX40L interaction in the priming of
Thl cells [269],

The potential of OX40 signalling to direct Th2 reactions contrasts with the notion of
Th2 as a default response that occurs in the absence of IL-12 [10]. Evidence

suggests that a Th2 phenotype can occur by default: IL-127" DCs elicit IL-4 in vivo

[152] and, in culture, 'exhausted' DCs that can no longer produce IL-12 will also

trigger IL-4 release from responding T cells [118]. The lack of IL-12 is not always

sufficient, however, and particularly in experiments using pathogen-derived antigens,
a Th2 response also appears to involve positive induction. Jankovic et al. recently

reported that, although IL-12~/_ mice produce only limited IFNy in response to

antigen from Toxoplasma gondii, an intracellular parasite that normally generates

powerful Thl immunity, there was no compensatory increase in IL-4 expression

[270]. This contrasted with results from MyD88 deficient animals which, when

given the same challenge, displayed a strong Th2 response involving IL-4, IL-5, IL-
10 and IL-13 [270], These data suggest either that some component of the T. gondii
extract signals to induce a Th2 response, which only becomes evident when the
dominant Thl response is completely inhibited, or that IL-12 is involved in Th2 as

well as Thl development [271]. Similar data had been provided by Kaisho et al.,
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who demonstrated that activation ofMyD88"" DCs leads to a Th2 bias in a

subsequent MLR and argued that this cannot be explained solely by the lack of pro¬

inflammatory cytokines made by these impaired DCs. MyD88 sufficient DCs
derived from IL-12_/", IL-18-/~ or double knockout mice failed to induce IFNy in the

MLR, but did not skew towards Th2 [272], Kaisho et al. proposed that Th2
induction results from TLR signalling via the MyD88 independent pathway (fig 1.2).
Others have argued for the existence of an independent family of PRRs, equivalent to
the TLRs but specific for parasitic antigens, which are poised to direct the

development of appropriate Th2 responses [273],

1.5.2 Immunity vs tolerance

The outcome of the DC influence on an immune response can be a Thl or Th2 bias,
or either immunity or tolerance [13, 14], 'Tolerance' was originally used by Burnet
to describe the negative complement to immunity necessary to protect against self
destruction [274], but while Burnet referred only to the deletion of autoreactive T
cell clones in the thymus, such central tolerance is now known to be incomplete.
Self-reactive T cells with low affinity receptors or those specific for antigens not

expressed in the thymus can escape into the periphery, and so additional mechanisms
must act outside the thymus in order to prevent autoimmunity [82, 275], This

peripheral tolerance also serves to inhibit other unwanted immune responses, such as

reactions to antigens within food or shed by commensal bacteria [276],

One form of peripheral tolerance is T cell ignorance: some self antigens are

sequestered away from the immune system, hidden behind physical defences such as

the blood-brain and blood-ocular barriers (BBB and BOB, respectively). These
barriers are constructed from specialised vascular endothelia and close junctional

complexes that together form a tight sieve to regulate the passage of

macromolecules, pathogens and cells into the parenchyma of the brain or eye. They
confer a status of 'immune privilege' on these tissues, reflecting the organs'

importance for survival and their inability to regenerate [277-279]. The exclusion

thought to be responsible for this 'privilege' was argued to prevent autoreactive T
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cells from encountering their antigen, and to deny access to effector cells activated
elsewhere. The implied risk was that any breach of the barrier, perhaps through
traumatic insult, might allow ensuing autoimmunity to destroy whatever tissue the
initial injury had left intact [280], Limited lymphatic drainage and immune
surveillance of the CNS and the eye does occur [281, 282], and other mechanisms
contribute to the immune suppression in these sites. The tissues of the retina and
cornea express FasL, causing Fas-mediated apoptosis of activated T cells in situ

[283], DCs populate the neural parenchyma only very sparsely [284, 285], and

although resident microglia can upregulate MHCII expression upon activation [286],
this is apparently in the absence of costimulatory molecules and so prohibits

immunity [287, 288].

Antigen presentation without adequate costimulation is a classical method of
tolerance induction [289, 290], The T cell response is characterised by limited

proliferation, a lack of cytokine production, particularly of IL-2, and the persistence
of this hyporesponsiveness even after subsequent stimulation with fully competent

APC. The phenomenon is known as T cell anergy, and it was first described in

response to free peptide, presumably presented in a paracrine way by the MHCII+
human T cells to which it was given [291]. Other early demonstrations used fixed

splenocytes [292] or purified MHCII molecules [293]. While a costimulation
blockade is an effective method of disabling specific T cell responses in vitro [294],
the inability to transcribe IL-2 is easily overcome by exogenous cytokine [295] and it
seems a surprisingly fragile mechanism to be employed in vivo. Indeed, Matzinger

[82] has argued that functional hyporesponsiveness can only be at best a temporary
state that tolerised T cells pass through on their way to death, and at worst an in vitro

artefact. Pape et al. have demonstrated the long-term survival of tolerised T cells in

vivo, however, and they argue that neither immune deviation nor active suppression
are responsible [296], Whether purely experimental or also physiological, it appears
that anergy can be an in vivo phenomenon.
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1.5.3 Regulatory T cells

The contribution of active suppression to peripheral tolerance is currently the focus
of renewed interest, with the recent publication of a wealth of new and largely in vivo

data describing the existence of regulatory T cells [297]. Thl and Th2 cells have

long been reported to downregulate each other's function [254], so both could be
described as 'regulatory' in certain situations. Indeed, immune deviation is a

recognised form of T cell tolerance [298] and a Th2 balance has been shown to be

protective in Thl-driven transplant rejection and autoimmune reactions [299, 300],
The use of immune deviation as a therapy is a risky one, however. Th2 reactions are

not null responses and lupus is a crippling example of antibody-mediated pathology

[301],

In contrast, one of the therapeutic attractions of the newly defined regulatory T cells
is their potential to suppress both Thl and Th2 responses [302], The existence of a
natural population of inhibitory cells was elegantly demonstrated by Powrie and

colleagues, who reconstituted lymphocyte deficient SCID mice with T cells depleted
of their CD45RB10 component and saw severe colitis develop 6-8 weeks later. The
CD45RB10 cells alone did not induce colitis and, moreover, were able to prevent

disease when the two populations were transferred together [303, 304]. The
CD45RB10 population was functionally heterogeneous, containing memory and
effector cells as well as those with regulatory action. Other groups reported a

naturally occurring CD4+CD25+ regulatory T cell population [305, 306] and indeed
CD25 was found to correlate more closely with inhibitory function in the colitis

model than either of the CD45RB or CD38 markers used previously [307, 308], The

difficulty with all three of these molecules is that their expression is shared with
activated CD4+ T cells irrespective of function, and to date the only definitive
marker of regulatory T cells is their suppressive action [309],

The mechanisms by which regulatory T cells operate are uncertain. CD4+CD25+

"Tregs" are anergic in phenotype: they proliferate only poorly in response to

stimulation [306]. They also appear to induce anergy in their target cells: they inhibit
IL-2 expression in cocultured CD25- cells, and the constraint that this imposes on T
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cell proliferation can be overcome by addition of exogenous 1L-2 [310], How

exactly the suppression of 1L-2 is achieved remains controversial. It was suggested
that the constitutive expression of CD25 enables them to act as IL-2 'sinks',

depriving otherwise responsive cells of access to sufficient IL-2 to initiate the
autocrine amplification [170], but recently activated T cells expressing equivalent
levels of CD25 do not suppress proliferation [310], Regulatory T cells also require
activation through their TCR in order to assume their inhibitory phenotype [310-

312], although their targets do not need to share the same antigen specificity or even
MHC restriction [310]. Physical contact between CD25+ Tregs and target cells is

essential, as transwcll separation eliminates suppression [310]. Although this

suggests that soluble cytokines are not primarily responsible for CD25+ regulation,
Nakamura et al. have proposed that surface bound TGF(3 is critical [313]. They

report that CD25+ T cells activated in vitro display a reactivity with an anti-TGF|3

antibody that is not shared by their CD25- counterparts, and they argue that

contradictory accounts of the inability of anti-TGF(3 antibodies to abrogate

suppression [310] are due to the failure of the antibodies to penetrate the tight contact
between interacting cells. Perhaps conclusive data here is provided by TGF(3r/_
CD25+ T cells, which appear unhampered in their ability to suppress proliferation of
cocultured cells (quoted as unpublished data in [314]). It is interesting to note,

however, both that the TGF(3 knockout mice from which these suppressive T cells

were derived died prematurely from severe inflammatory disease [315], and that
Powrie's original work with CD45RB10 cells in vivo suggested a role for both TGF|3
and IL-10. Neutralising antibodies abolished the protection against colitis that these
cells otherwise provide [316].

Other descriptions of probably distinct regulatory T cell phenotypes have also cited
the involvement of IL-10 and TGF|3. T regulatory type 1 cells, Trls, were originally

generated in vitro by repetitive stimulation ofCD4 T cells in the presence of IL-10

[317]. They were characterised by limited proliferation but considerable secretion of
IL-10 and IL-5, without IL-2 or IL-4. Trl clones inhibit proliferation of naive [317]
and perhaps also memory CD4 T cells in vitro (quoted as unpublished data in [311]).
In vivo, ova-specific Trl cells can prevent the colitis induced by CD45RBhl cells in
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SCID animals, although only when the mice are fed ovalbumin [317], This implies

that, like CD45RB10 or CD25+ regulatory T cells, Trl cells also require recent TCR

triggering to become active, and that their effect is then non-specific. The

suppression that these ova-specific Trl cells mediate acts against an immune

response focussed on the self antigen or gut flora component that drives

inflammatory bowel disease [318],

The action ofTrl cells in vitro can be inhibited by either anti-IL-10 or anti-TGF|3,
and most potently by the two antibodies in combination [317, 319, 320]. This

distinguishes them from Th3 cells, a CD4 population proposed to suppress

neighbouring cells by TGF|3 alone [312, 321], Th3 cells were first described as a

result of experimental oral tolerance: EAE-prone SJL/J mice were fed low doses of

myelin basic protein (MBP) and their mesenteric lymph nodes then used to generate

T cell clones. Cells were identified which shared TCR specificity with potentially

encephalitogenic Thl clones, but which secreted TGF|3 upon stimulation [322, 323],
These cells prevented the proliferation and cytokine production ofThl clones in
vitro and suppressed symptoms ofEAE in vivo. A proportion of these 'Th3' clones
also expressed IL-10 and IL-4, however, so their distinction from classical Th2 cells
was not always clear. Indeed, Weiner has argued that the nature of a regulatory T
cell is a product of the environment in which it functions, thus ensuring a degree and
a mechanism of suppression pertinent to each situation [324], Clean definitions of

Th2, Th3 and Trl cells may only ever be artificial distinctions.

Can any cell become a suppressor, then, if stimulated in the right circumstances?

'Regulation' is not a unique feature of CD4 T cells. Suppressive versions of CD8

cells, NKT cells and B cells have all been reported [325-327]. They share common

mechanisms: all rely at least partly on IL-10 as an effector molecule. An

understanding of the signals required to initiate suppressive function in these effector
cells would be a powerful therapeutic asset.
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1.5.4 Tolerogenic DCs

The ability ofDCs to influence the decision between tolerance and immunity was

neatly illustrated by Hawiger et al, who targeted antigen to undisturbed DCs in vivo

by conjugating it to an anti-DEC-205 antibody. The hybrid antibody alone induced

systemic tolerance; the same fusion protein given with an anti-CD40 antibody that
stimulates the DCs, instead primed strong immunity [328], This led to an

understanding that immature DCs constitutively migrate into lymph nodes and
establish and maintain tolerance to the self antigens that they present. As a

consequence, the T cell reaction to an infection is focussed only on the foreign

antigens and not against the self peptides that DCs inevitably also display [220],
This model is supported by two other reports of in vivo tolerance induction mediated

by immature DCs [325, 329].

Activated DCs can also induce tolerance if directed by the environment or antigen.
DCs harvested from the draining lymph nodes of the lung displayed high levels of
surface MHCII, B7 and CD40 and yet elicited only minimal T cell proliferation in

vitro [330], They expressed IL-10, detected by both PCR and intracellular staining,
and the limited T cell response was proposed to be a result of Trl induction. In

contrast, DCs taken from mesenteric lymph nodes produced TGF(3 and generated

TGF|3-secreting T cells [330], McGuirk et al. have described the ability of

filamentous haemagglutinin (FHA) from Bordatella pertussis, a respiratory tract

pathogen, to stimulate a DC phenotype that gives rise to Trl cells [112]. The authors
offered two possible explanations: either the pathogen has evolved to exploit DCs to
minimise the immune attack that it will face, or the host has deliberately employed
tactics aimed to protect against the pathology of an unmitigated response. FHA
deficient B.pertussis is cleared from the lung more rapidly than its wildtype

equivalent. This is partly due to the loss of adhesion normally provided by FHA, but
it also reflects an enhanced Thl response from the host and is associated with
increased damage to the airways (Mills, 2002, BSI congress, Harrogate, UK).

Evidence also suggests that the action of regulatory T cells can be mediated by DCs.
DCs are not essential: activated CD4+CD25+ T cells will suppress CD8 cells in the
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absence ofAPC [331], A typical lymph node contains a prominent population of

DCs, however, and both CD4 and CD8 regulatory T cells have been reported to act

via induction of a tolerogenic DC phenotype [332, 333].

1.6 Summary

The importance ofDCs in stimulating T cell responses gives them a powerful
influence over the outcome of immune reactions. They combine information from
their subset affiliation, the cytokine environment, the nature of the antigen and the

strength of stimulation, and translate it into T cell stimulation through antigen

presentation and costimulation. They can direct both Thl or Th2 immunity and

anergic or active tolerance. This functional flexibility provides DCs with
considerable promise for therapeutic manipulation of the immune system.

1.7 Aims

This project originated in 1999, shortly after Kalinski et al. published their model of
environmental instruction of DC function [10] and raised the possibility of

manipulating DC phenotypes for therapeutic gain. With the hypothesis that in vitro

conditioning ofDCs could be used to direct immune responses in vivo, I began by

activating DCs in the presence of different cytokines. These early experiments

highlighted IL-10 as an immunosuppressive reagent capable of inducing a DC

phenotype that elicited only limited T cell proliferation. This observation generated
several questions:

• Is the influence of IL-10 on DCs an inhibition ofmaturation?

(Chapter 3)

• Does the interaction with IL-10 treated DCs leave a lasting impact on the

responding T cell?

(Chapter 4)
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• Can this in vitro effect also be seen if the DCs are administered in vivo?

(Chapter 5)

• Do these DCs have any therapeutic benefit when applied to a disease model?

(Chapter 6)

In attempting to address these issues, 1 hope this thesis offers some novel insight into
the workings of dendritic cells and their potential to be exploited as immunotherapy.
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Chapter 2 » Materials and Methods

2.1 Animals

All mice were maintained under specific pathogen free conditions in the animal
facilities of the Faculties of Medicine and Science and Engineering at the University
ofEdinburgh. BALB/c and C57B1/6 mice were either purchased from B&K
Universal (Hull, UK) or bred in house; DO 11.10 TCR transgenics (H-2Ad restricted,
OVA peptide 323-339 specific) [334] were all bred in house. Mice were used at 6-
12wk of age, and were sex and age matched within experiments. All experiments

involving animals were performed under guidance from the appropriate Home Office

personal and project licenses.

2.2 Media

Unless otherwise specified, medium was RPMI 1640 (Sigma-Aldrich, Poole, UK)

supplemented with 5% foetal calf serum (FCS) (Labtech International, Andover,

MA, USA), 2mM L-glutamine (Gibco BRL, Life Technologies, Paisley, UK), 50pM

|3-mercaptoethanol (2-ME) (BDH Merck, Poole, UK) and 50U/ml penicillin plus

50pg/ml streptomycin (Gibco).

Ex vivo cells were prepared and washed in Hanks Balanced Salt Solution (HBSS)

(Sigma) with 2% FCS and antibiotics as above.

PBS was made in house by dissolving 137mM NaCl, 8.2mM NaH2PO4.2H20, 2.7mM
KC1 and 1.5mM KH2PO4 in 0.2pm filtered dH20. Stocks were autoclaved to

sterilise.
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2.3 DC preparation

2.3.1 Splenic DCs by MACSpurification

Spleens were removed from BALB/c mice and crushed between two glass slides to
obtain a single cell suspension. Red blood cells were removed by incubation in red
blood cell lysis buffer (Sigma) for 5min at room temperature. Cells were washed,

resuspended at 108cells/900pl and mixed with lOOpl of CD1 lc microbeads (Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany), as per the manufacturer's instructions.

They were then incubated on ice for 15min, washed, resuspended and loaded onto

pre-wet miniMACS MS columns in a miniMACS magnetic separator (Miltenyi). A
maximum of 4xl08 cells were applied to a single column. The column was washed
to dislodge unlabelled contaminants, then removed from the magnet and the positive
fraction eluted using the supplied plunger.

2.3.2 Splenic DCs by plastic adherence

BALB/c spleens were removed and a single cell suspension prepared as above. Cells
were resuspended in 10ml medium per spleen and distributed into 60mm, tissue
culture grade petri dishes (Nalge Nunc International, Roskilde, Denmark) using 5ml
cell suspension per plate. These were incubated at 37°C for 90min to enable

macrophages and DCs to adhere. The plates were rinsed, using pre-warmed medium
and gentle pipetting, until it could be seen that the majority of the non-adherent
contaminants had been removed. The plates were given 5ml fresh culture medium,
without GM-CSF, and returned to the incubator overnight. This long incubation
allowed transiently adherent DCs to detach and they were harvested the following

morning by more vigorous washing. Strongly adherent macrophages were left on the

plates. Yields at this stage averaged 2-3x106 cells per spleen and were 30-40%
CD1 lc+MHCII+ DCs, as assessed by flow cytometry. The majority of the
contaminants were CD 19+ B cells.

50



To further enrich the DCs, cells collected after overnight adherence were depleted of
B cells, T cells and granulocytes using Dynabead technology (Dynal, Oslo, Norway).
Cells were resuspended at 2xl07/ml and incubated with uncongugated antibodies

against CD19 (10pg/ml), Thyl.l (5pg/ml) and Grl (5p,g/ml) (all from Pharmingen,

San Diego, CA, USA) for 30min at 4°C on a rotating mixer. Excess antibody was

removed by washing in cold culture medium. Dynabeads were prepared for use by

washing to remove the azide preservative and finally resuspended at lxlO7 beads/ml.

Antibody-labelled cells were added to the bead suspension to give 6 beads per
o

labelled cell and 4x10 beads/ml, and the mixture incubated, rotating, for 30min at

4°C. Beads were then removed using a strong magnet (Dynal) and the unbound cells
collected from the supernatant.

2.3.3 Bone marrow-derived DCs

DCs were grown from early bone marrow progenitors under the influence of GM-

CSF, using a protocol based on that of Inaba et al. [335]. Bone marrow was flushed
from the femurs and tibias of BALB/c mice using medium and gentle pressure from
a 2.5ml syringe and a 25G needle. Cell clusters were dispersed by passage through a

second 25G needle. Red blood cells were removed using lysis buffer (Sigma) and
the remaining cells seeded into 24 well tissue culture plates at 3.75xl05cells/ml and
lml per well. The culture medium was as normal, but using 10% FCS and without
2-ME. GM-CSF was added in the form of 5% supernatant from the transfected cell
line X63-gmcsf [336], providing 10-15ng/ml GM-CSF. Levels of IL-10 in the

supernatant were low (~90pg/ml) and those of IL-12 and TNFa were undetectable

(Lynda Stuart, CIR, University of Edinburgh, personal communication). Cultures
were washed at day 3 and day 6 to remove non-adherent granulocytes and

lymphocytes. This involved swirling the plates before removing lml from each well
and replacing it with fresh medium. On day 7, loosely adherent DCs were harvested

by more vigorous washing, leaving firmly adherent macrophages attached to the

plate. Preparations were 85-90% CD1 lc+, MHCII+ DCs (fig 3.1), and the remainder
of the cells were predominantly Grl+ granulocytes.



When bone marrow derived DCs (BMDCs) were used in vivo, the presence of FCS
in their culture medium caused unwanted immune responses against serum antigens
adsorbed onto the DC surface. The protocol was therefore modified to reduce the
amount of FCS involved. Bone marrow suspensions were initially plated in 10%

FCS, as above, to establish proliferation, but on days 3 and 6, this was replaced with
1% normal mouse serum (Harlan Sera Labs, Loughborough, UK). The GM-CSF

supernatant, from a hybridoma grown in the presence of FCS, was identical in both
cultures.

The bones from a single mouse typically released 2-3x107 BM precursors and so

could be used to seed approximately two 24 well plates. If the culture was

performed in FCS throughout, the expected yield from these two plates was 1-
1,5xl07 immature DCs. The yield was reduced in the presence ofmouse serum,

averaging 0.5-lxl07 DCs. In vivo experiments therefore began with 2 plates of DCs
for every 5 mice to be injected.

2.3.4 Deactivation

Immature DCs were harvested from bone marrow cultures at day 7 and replated at

lxl06cells/ml and 1ml per well in fresh 24 well plates, using DC culture medium
with GM-CSF. LPS from E.coli 055 :B5 (Sigma) was added at 0.1|ig/ml. Cytokines

were recombinant mouse proteins; IL-10 and IL-4 (both from R&D systems,

Abingdon, UK) were used at 50ng/ml. Human prostaglandin E2 (PGE2) was a kind

gift from ProfRodney Kelly (MRC Centre for Reproductive Biology, University of

Edinburgh). It had previously been shown to cross-react with mouse, and was used
at 0.1 pM.

2.3.5 Cytospins

5xl04 DCs were resuspended in 200pl ofmedium or PBS containing 10% FCS, and

spun onto Superfrost plus glass slides (BDH Merck, Poole, UK) using a Shandon
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Cytospin 3 centrifuge (Shandon Inc, Pittsburgh, PA, USA) at 300rpm for 3min. The
slides were dried in air for approximately lOmin and then stained using Diff-Quick®
reagents (Gamidor Ltd, Abingdon, UK). Staining comprised 2min in methanol, 2min
in Diff-Quick I® (eosin) and lmin in Diff-Quick II® (haematoxylin). Slides were

then rinsed in tap water, air dried and coverslips mounted in Pertex mounting
medium (CellPath, Newtown, UK).

2.4 Other cell preparations

2.4.1 Unfractionated spleen and lymph nodes

Single cell suspensions of spleen were prepared in HBSS / 2% FCS, by crushing
between glass slides and passage through a 25G needle. Red blood cells were
removed with red blood cell lysis buffer (Sigma). Lymph nodes (popliteal, inguinal,

brachial, axillary, superficial cervical, peri-aortic and mesenteric) were harvested,

pooled and a single cell suspension prepared as for the spleens, but without red blood
cell lysis. Both preparations were washed in medium and a viable cell count

performed in 0.05% trypan blue (Sigma).

2.4.2 T cellpurification

CD4+ T cells were purified from pooled spleen and lymph nodes by removing
MHCII and CD8 positive contaminants with a MACS depletion column (Miltenyi).
Cell preparations were stained with biotin-conjugated antibodies against MHCII

(clone M5114; I-A specific; grown in house and used at 1:100) and CD8 (53-6.72;

1:100). Staining was for 15min on ice. The cells were washed and incubated with

streptavidin-conjugated microbeads (Miltenyi) for 15min on ice, before being loaded
onto a CS MACS column in a varioMACS magnet (Miltenyi). A single column was

used for up to 2xl08 total cells. The column was washed and unbound cells
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collected. They were routinely >80% CD3+ CD4+ (fig 5.2), and yields averaged
2xl07 cells per mouse.

2.4.3 Blood mononuclear cells

To monitor specific T cell expansion in vivo during DO 11.10 adoptive transfer

experiments (section 2.9) or to confirm reconstitution of irradiated bone marrow
chimaeras (section 2.10), peripheral blood mononuclear cells were harvested and
stained for analysis by flow cytometry. 50pl of tail blood was collected into an equal
volume of heparin (lOOOU/ml; CP Pharmaceuticals, Wrexham, UK) and layered over

500pl LympholyteM (Cedarlane Laboratories Ltd, Hornby, Ontario, Canada). After

centrifugation at 2000rpm for 20min, mononuclear cells were harvested from the
interface and washed before use.

2.5 Flow cytometry

Samples were analysed with a FACScalibur flow cytometer and CellQuest software

(Becton Dickinson, Mountain View, CA, USA), using a live cell gate set by forward
and side scatter characteristics (see fig 3.5, for example).

2.5.1 Surface staining

Cells were taken from culture or directly after isolation and placed in a 96well, V-
bottomed plate for staining. l-2xl05 cells were used routinely to collect 10 000

events on the flow cytometer. When the target population was small, as in the
DOl 1.10 adoptive transfer experiments (section 2.9), lxl06 cells were stained and
100 000 events collected. The cells were washed and resuspended in lOOpl of

antibody diluted in PBS supplemented with 2% FCS. Details of the specific
antibodies and dilutions are listed in table 2.1. The cells were stained for 20min on
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Antibody Clone Source Dilution Isotvne

DC markers

H-2Dd - biotin
'

19.19.1 In house 1:800 unknown

I-Ad/I-Ed - FITC 2G9 Pharmingen 1:200 rIgG2a

CDllc-PE HL3 Pharmingen 1:50 HsIgG,

j CD lie- FITC N418 In house 1:400 HsIgG,

B7.1 -PE 16-10A1 Pharmingen 1:100 HsIgG2

B7.2-PE GL1 Pharmingen 1:100 rIgG2a

CD40 - PE 3/23 Pharmingen 1:100 rIgG2a

ICAM-1 - PE 3E2 Pharmingen 1:200 HsIgG i

T cell
markers

CD4 - FITC GK1.5 In house 1:250 rIgG2b

ova specific
TCR - biotin

KJ-126 In house 1:100 mIgG2a

ova specific
TCR - FITC

KJ-126 In house 1:400 mIgG2a

CD69 - PE H1.2F3 Pharmingen 1:100 HsIgG,

CD25 - PE 7D4 In house 1:100 IgM

CD45RB -

FITC
16A In house 1:100 rIgG2a

CD62L - PE MEL-14 In house 1:100 HgG2a
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Antibody Clone Source Dilution Isotype

Other cells

Ly-6C (Grl)-PE RB6-8C5 Pharmingen 1:100 rIgG2b

CD 19 - FITC ID3 In house 1:100 rIgG2a

CD8 - biotin 53-6.72 In house 1:100 rIgG2a

Cytokines

IL12p40/p7 - PE C15.6 Pharmingen 1:100 rlgGi

IL-10-PE JES5-2A5 Pharmingen 1:100 rlgG,

IL-4 - PE BVD6-24G2 Pharmingen 1:100 rlgGi

IFNy - PE XMG1.2 Pharmingen 1:100 rlgG,

Secondary
reagents

Streptavidin - PE Calbiochem 1:1500

Isotvpe
controls

PE control R35-95 Pharmingen UgG2a
I

PE control A95-1 Pharmingen rIgG2b

PE control A19-3 Pharmingen HsIgG

FITC control R35-95 Pharmingen r!gG2a

Table 2.1 Antibodies used in flow cytometry. Monoclonal primary antibodies were

supplied by Pharmingen, Caltag Laboratories (Burlingame, CA, USA) or grown and

conjugated in house (section 2.6). Streptavidin-PE was bought from Calbiochem

(Nottingham, UK). Isotype controls from Pharmingen were used at the same concentration
as the test antibody, and in house antibodies were matched with an irrelevant antibody of the
same isotype at the same concentration. Abbreviations in isotype column: r, rat; Hs,

hamster; m, mouse.
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ice in the dark, washed and, if necessary, stained with a secondary antibody. Cells
were resuspended in 200pl PBS / 2% FCS and analysed immediately.

To assess the surface phenotype ofBMDCs, the membrane-impermeant dye ToPro3

(Molecular Probes, Leiden, The Netherlands) was included for the final 5min of

staining at a final concentration of lpM. This enabled the live cell gate to be set

more accurately, using ToPro3 exclusion in addition to forward and side scatter

characteristics.

2.5.2 Dead cell analysis

To quantify cell death, unstained cells were resuspended in lpM ToPro3

immediately before acquisition. The analysis gate was set to exclude debris, and the

proportion of ToPro3+ 'dead' cells calculated as a percentage of total cells within
this population.

2.5.3 Antigen uptake assay

DCs were harvested after activation, washed and 2xl05 cells resuspended in 50pl
PBS or FITC-dextran (2mg/ml in PBS; MW 70 000; Molecular Probes Inc, OR,

USA) in a 96well, round bottomed plate. Cells were incubated at 37°C for 45min, to
allow antigen intemalisation, or on ice as a negative control. They were then flooded
with 200jxl ice cold PBS for 5min, washed twice and resuspended in 1%

paraformaldehyde for analysis by flow cytometry.

2.5.4 Intracellular cytokine staining

BMDCs were activated with LPS or with LPS and IL-10 for 6h (as in section 2.3.5)

in the presence ofGolgiStop™ (Pharmingen) at a dilution of 1:1500, as
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recommended by the manufacturer. Cells were stained with N418-FITC to detect

surface CD1 lc expression, washed and then fixed and permeabilised by

resuspending in Cytofix/Cytoperm™ reagent (Pharmingen) for 20min on ice. Cells

were washed in permeabilisation buffer (provided in the Cytofix/Cytoperm™ kit) and

stained with either anti-IL-12 or anti-IL-10 for 30min on ice. Subsequent washes
were again performed in permeabilisation buffer and the cells then resuspended in
PBS / 2% FCS for analysis by flow cytometry.

T cells from DC cocultures (section 2.7.2) were analysed for cytokine expression 7d
after their original stimulation. Cells were harvested and replated in the presence of

50ng/ml phorbol 12-myristate 13-acetate (PMA), 500ng/ml ionomycin (both from

Sigma) and GolgiStop™ (Pharmingen, as above) for 4 hours, before being stained
with KJ-126-FITC and IFNy, IL-4 or IL-10-PE, using the same protocol as described
for DCs.

2.5.5 CFSE staining

T cell proliferation was visualised using CFSE (5, 6 carboxyfluoroscein diacetate

succinimidyl ester) (Molecular Probes), a membrane permeant dye that binds

covalently to cytoplasmic proteins and is distributed equally to each daughter cell

upon division. The mean fluorescence therefore halves progressively as the cells
divide [337], Spleens and lymph node cells taken from mice immunised with ova

peptide (section 2.9) were labelled with CFSE at lOnM for 8min at room

temperature, washed and cultured in the presence of 0.5p,g/ml ova peptide.

Background fluorescence was determined for each sample 16-18h later, using flow

cytometry. Cell division was assessed on day 3.
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2.6 Antibody preparation

Supernatants from antibody-secreting hybridomas were collected and fdtered to

remove cells. Immunoglobulin was precipitated with ammonium sulphate, using
29 lg per litre of supernatant, and then dissolved in PBS and extensively dialysed

against PBS. Antibodies were purified by binding to a protein G - sepharose column

(Amersham, Buckinghamshire, UK) with elution at pH 2.8. Antibody concentration
was estimated by measuring absorbance at 280nm.

Purified antibodies were conjugated to biotin by reacting each lmg of protein with

75pg of succinimidyl-6 (biotinamido) hexanoate (EZ-Link™ NHS-LC-Biotin; Pierce,

Rockford, IL, USA) in dimethyl formamide (Sigma). FITC conjugation was

performed by reacting each lmg of antibody with 50ng FITC Isomer I (Sigma) in a

0.15M sodium chloride / 50mM sodium carbonate buffer at pH9. Conjugated
antibodies were then dialysed extensively against PBS to remove excess label.
Antibodies were filter sterilised and stored frozen at -20°C.

2.7 Proliferation assays

2.7.1 Assessment ofDCfunction

The stimulatory capacity of different DC populations was assessed by measuring the
DOl 1.10 TCR transgenic (Tg) T cell proliferation elicited by antigen pulsed DCs.
DCs were harvested after activation, washed and pulsed with graded doses of ova

peptide (323-ISQAVHAAHAEINEAGR-339; Albachem Ltd., Edinburgh, UK) for
90min at 37°C. Pulsed DCs were washed and plated in 96well, round bottomed

plates with CD4+ DOl 1.10 T cells at lxl04 DCs plus 1x10s T cells per 200pl well.
Proliferation was measured by 3H-thymidine incorporation during the last 16h of a
3d culture (section 2.7.4).
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2.7.2 Assessment ofT cellfunction

To assess whether the initial DC interaction affected the subsequent function of the

responding T cells, DCs were pulsed with ova peptide as above (section 2.7.1) and
mixed with CD4+ DOl 1.10 T cells in a 48well plate, using lxlO^ DCs and lxlO6 T
cells per 1ml well. After 3 days, all cells were recovered and centrifuged through

LympholyteM to purify live T cells. These were returned to culture at 2x106
cells/well in 1.5ml in a 24well plate, using medium supplemented with 1%

supernatant from an IL-2 secreting hybridoma (a transfected cell line, X63-IL2

[338]). This supernatant was assessed by ELISA to contain 200ng/ml IL-2 when
undiluted.

The T cells were collected again on day 7 of culture and either stained for cytokine
detection (section 2.5.4) or plated with irradiated APC to measure their proliferation
in response to restimulation. Spleens were taken from syngeneic BALB/c mice and
irradiated whole with 4000rads from a caesium source irradiator. Single cell

suspensions were made and plated at 5xl05 cells/well of a 96well, flat bottomed

plate. 5x104 T cells were added to each well in the presence of graded doses of ova

peptide, to a final volume of 200fxl. Proliferation was measured by 3H-thymidine
incorporation during the last 16h of a 3d culture.

2.7.3 Spleen and lymph node restimulation assays

Spleens and lymph nodes from immunised mice were harvested and single cell

suspensions plated at 6xl05 cells/well of a 96well, flat bottomed plate in 200ql final
volume. Graded doses of ova peptide were added and proliferation measured by 3H-
thymidine incorporation during the last 16h of a 3d culture.
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2.7.4 Cell harvesting and scintillation counting

Proliferation was measured by the addition of 0.5pCi of 35Ci/mmol [3H]-thymidine
(ICN, Basingstoke, UK) to each well, 16h before the end of culture. Plates were

harvested onto filter mats (Printed Filtermat A; Wallac, Turku, Finland) using a

96well MachHIM Tomtec harvester (Wallac). The mats were dried on a hot plate
and a solid scintillation wax melted into them (Meltilex™ A; Wallac). When the wax

had re-solidified, the mats were read using a Trilux 1450 Microbeta liquid
scintillation and luminescence counter and software (Trilux, Arnsberg, Germany).

2.8 Polymerase chain reactions

2.8.1 RNA extraction

Total RNA was isolated using Trizol® reagent (Gibco) and a standard phenol-

chloroform extraction. lxlO6 DCs were resuspended in 500pl Trizol® and stored
frozen at -80°C. Samples were thawed, incubated at room temperature for 5min and
mixed with lOOpl chloroform. After centrifugation, the upper aqueous phase was

added to 250pl isopropanol, mixed and incubated at room temperature for lOmin.

Precipitated RNA was washed in 75% ethanol before being resuspended in 30pl

nuclease-free water (Promega, Madison, WI, USA). RNA concentrations were

estimated by measuring absorbance at 260nm.

2.8.2 RT-PCR

cDNA was synthesised using the Expand1M Reverse Transcriptase kit (Roche

Diagnostics, Lewes, UK) according to the manufacturer's instructions. Oligo(dT)

primers were annealed to denatured RNA and reverse transcription then performed in
a 20pl reaction containing lOOmM DTT, 3.3mM each dNTP (Promega), 20U RNasin

(Promega) and 0.05U Expand RT enzyme. Reactions were incubated for 60min at

42°C. cDNAs were stored frozen at -20°C.
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Gene Details

IL-12 D40

Sense primer 5 '-ATGGCCATGTGGGAGCTGGAGAAAG-3'

Antisense primer 5' -GTGGAGCAGCAGATGTGAGTGGCT-3'

Programme Denaturation - 94°C, 30s

Annealing - 62°c, 30s

Extension - 68°C, 30s

34 cycles

Product 255bp

IL-12 D35

Sense primer 5' -GATCATGAAGACATCACACGG-3'

Antisense primer 5'-AGAATGATCTGCTGATGGTTG -3'

Programme Denaturation - 94°C, 30s

Annealing - 65°c, 30s

Extension - 68°C, 30s

34 cycles

Product 257bp

6-actin

Sense primer 5 '-GCACCACACCTTCTACAATGAG-3'

Antisense primer 5 '-GTCTAGAGCAACAT AGCAC AGC-3'

Programme Denaturation - 94°C, 30s

Annealing - 62°c, 30s

Extension - 68°C, 30s

25 cycles

Product 409bp

Table 2.2 Primers and programmes used for RT-PCR. See section 2.8.2.
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Gene Details

IL-12 p40

Sense primer

Antisense primer

TaqMan probe

5' -ACATCTACCGAAGTCCAATGCA-3'

5 '-GGAACACATGCCCACTTGCT-3'

5 '-CGTGCAAGCTCAGGATCGCTATTACAATTC-3'

IL-12 d35

Sense primer

Antisense primer

TaqMan probe

5 '-GTGAAAATGAAGCTCTGCATCCT-3'

5' -TCAGGCGGAGCTCAGATAGC-3'

5 '-CACGCCTTCAGCACCCGCG-3'

IL-10

Sense primer

Antisense primer

TaqMan probe

5 '-CCACAAAGCAGCCTTGCA-3'

5' -AGTAAGAGCAGGCAGCATAGCA-3'

5' -AGAGCTCCATCATGCCTGGCTCAGC-3'

Table 2.3 Primers and probes used for real-time RT-PCR. See section 2.8.3.
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PCR used Taq Supreme™ polymerase and buffers from Helena Biosciences

(Sunderland, UK). 20pl reactions contained 2pl cDNA, 0.3mM each dNTP, 0.2mM

each primer, 1.5mM MgCb and 1U Taq Supreme™ enzyme. PCR was performed in

a PTC-200 DNA Engine (MJ Research, Watertown, MA, USA). Primers and

programmes are listed in table 2.2. PCR products were visualised on 2% agarose

gels (ultraPURE agarose; Gibco) containing 0.5pg/ml ethidium bromide (Sigma).

2.8.3 Real time RT PCR

RNA samples were treated with DNasel (Gibco). cDNA was synthesised using
random hexamers and the TaqMan Reverse Transcription kit (Perkin-Elmer Applied

Biosystems, Foster City, CA) as directed. Real-time RT-PCR was performed as

described [339]. Relative quantification was done on an ABI PRISM 7700 Sequence
Detector (Perkin-Elmer) using pre-developed TaqMan reagents according to the
manufacturer's instructions. Each reaction involved multiplex amplification of 18S
rRNA to account for differences in the quantity or quality ofRNA present. Thermal

cycling conditions for all reactions were 2min at 50°C and lOmin at 95°C, followed

by 40 cycles of 2-step PCR consisting of 15s at 95°C and lmin at 60°C. All samples
were amplified in triplicate. The threshold cycle Ct, which correlates inversely with

target mRNA levels, was defined as the cycle number at which the emitted reporter

fluorescence increased above a threshold level. For each sample, the amount of

target mRNA was expressed as an «-fold difference relative to the amount of target
mRNA expressed by unstimulated DC (designated the calibrator). The formula used
to calculate these values is 2"AACt, where ACt is determined by subtracting the average

18S rRNA Ct value from the average target Ct value. AACt then involves subtraction
of the ACt calibrator value from the target ACt value.

Primers and probes, to provide specific fluorescence, were designed by Dr Lynn

Forsyth (CIR, University of Edinburgh) using Primer Express software (ABI Prism,

Perkin-Elmer). They are listed in table 2.3.
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2.9 Injections and immunisations

2.9.1 Adoptive transfer ofDO11.10 cells

DO 11.10 lymph node cells were filtered through parachute silk and injected i.v. into
BALB/c recipients, using 5xl06 cells/mouse in 200pl PBS. The lymph nodes from
one donor mouse usually yielded sufficient cells to transfer into 5-6 BALB/c hosts.

2.9.2 DC immunisation

Recipients of DO11.10 adoptive transfers were immunised 24h later with DCs coated
with ova peptide. BMDCs were harvested at day 7 of culture and replated in
medium alone, with LPS or with LPS and IL-10 for 6h (section 2.3.5). They were
then washed and pulsed with 50pg/ml ova peptide for 90min at 37°C. Cells were

washed again, counted and resuspended at 2.5xl06/ml in PBS, before being filtered

through parachute silk. Mice were injected with 5xl05 DCs, either i.v. in 200pi or

i.p. in 250ql (see section 5.6). Both routes were effective in inducing DOl 1.10 T
cell expansion in the spleens and lymph nodes of the recipients.

2.9.3 CFA immunisation

Some mice receiving a DOl 1.10 adoptive transfer and subsequent DC immunisation
were later rechallenged in vivo with ova peptide emulsified in complete Freund's

adjuvant (CFA). lmg/ml peptide was combined with an equal volume ofCFA

containing heat killed Mycobacterium tuberculosis H37RA (Sigma), vortexed and
sonicated. 50pl volume was injected s.c. into each hind leg, thereby delivering 50pg
ova peptide into each mouse, split between the two sites. Responses were assessed

by harvesting the draining inguinal lymph nodes, processed as described in section
2.4.1.
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2.10 Bone marrow chimaeras

Recipient BALB/c mice were lethally irradiated by exposure to 950rad over 45min,

using a caesium source irradiator. 24h later they were reconstituted with pooled
bone marrow cells from BALB/c and DOl 1.10 mice. A single cell suspension of
each bone marrow population was prepared as in section 2.3.3 and depleted ofThy 1+
T cells by staining with a biotinylated anti-Thyl antibody (T24 biotin, produced in

house), streptavidin-conjugated microbeads and subsequent removal on a MACS

depletion column (Miltenyi, section 2.4.2). This aimed to prevent graft-versus-host
disease in the recipient mice. BALB/c and DOl 1.10 cells were then combined at a

ratio of 9:1, filtered through parachute silk and 5xl06 injected i.v. into each irradiated
host. The chimaeras were left 8 weeks before use, to allow reconstitution of the

immune system. This was confirmed by a normal ratio of B to T cells in the

peripheral blood, measured by flow cytometry (section 2.4.3).

2.11 EAE induction

2.11.1 Immunisation with MOG35.55

C57B1/6 mice were immunised with lOOpg MOG35.55 peptide (Advanced

Biotechnology Centre, Imperial College, London, UK) emulsified in CFA, given as

two 50(^,1 s.c. injections, one into each hind leg (see section 2.9.3). Mice also
received 200ng of pertussis toxin i.p. in 500pl PBS on the same day and two days
later.

2.11.2 Clinical scoring

Clinical signs of EAE were assessed daily using a discrete 0-6 scoring system [327],

0, no signs; 1, flaccid tail; 2, impaired righting reflex or unstable gait; 3, partial hind
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limb paralysis; 4, total hind limb paralysis; 5, hind limb paralysis with partial fore
limb paralysis; 6, moribund or dead. Mice at grade 5 for two consecutive days or at

grade 6 were humanely killed and their scores recorded as grade 6 throughout the
remainder of the experiment.

2.11.3 Cytokine ELISA

Spleen and inguinal lymph node cells ofmice recovered from EAE, 30d after

immunisation, were cultured with MOG35.55 peptide and their cytokine production
measured by a cell-based ELISA protocol [340]. Single cell suspensions were plated
at 6xl05 cells/well in a 96well, flat bottomed plate. Graded doses ofMOG35.55

peptide were added to a final volume of 200pl, using X-Vivo 15 serum free culture
medium (BioWhittaker, Maidenhead, UK) supplemented with 2mM L-glutamine and

50pM 2-ME. After 48h, lOOpl of cells were transferred to MaxiSorb microtiter

plates (Nalge Nunc), precoated with anti-cytokine antibody and blocked in PBS / 1%
bovine serum albumin (ELISA grade; Sigma). The cells were cultured at 37°C for a

further 24h before the plates were washed, incubated with biotinylated detection
antibodies for lh at room temperature, extravidin-peroxidase (Sigma) for 30min and
then developed with 10% w/v tetramethylbenzidine (TMB) substrate (Sigma) diluted
in substrate buffer (0.05M sodium phosphate, 0.025M sodium citrate, pH5) with
0.03% hydrogen peroxide. Reactions were stopped with 2M H2SO4, and plates were
read at 450nm using a MultiSkan Ascent reader and software (Thermo Labsystems,

Vantaa, Finland). Paired antibodies and recombinant cytokine standards were

bought from Pharmingen, and are listed in table 2.4.
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Cytokine detected Capture Ab Standard Detection Ab

IL-2 JES6-1A12 Recombinant mouse IL-2, JES6-5H4

2pg/ml beginning at 5ng/ml 0.5p.g/ml

IL-4 11B11 Recombinant mouse IL-4, BVD6-24G2

2pg/ml beginning at 5ng/ml 0.5|ag/ml

IL-10 JES5-2A5 Recombinant mouse IL-10, SXC-1

2pg/ml beginning at lOOng/ml 0.5p.g/ml

IFNy R4-6A2 Recombinant mouse IFNy, XMG1.2

2pg/ml beginning at lOOng/ml 0.5p.g/ml

Table 2.4 Antibodies and cytokines used for cell-based ELISA assays. See section 2.11.3.

2.12 Statistics

Statistics were calculated using GraphPad Prism® (version 3.0, GraphPad software,
San Diego, CA, USA, www.graphpad.com). following the recommendations made

by this programme. Results were considered significant ifP<0.05.
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Chapter 3 - DC activation in the presence of IL-10

3.1 Introduction

DCs can elicit very different immune responses. Langerhans cells classically

promote the development of strong immunity and contact hypersensitivity [89, 341],
while thymic DCs establish central tolerance by deleting responding T cells [150,

342]. The factors that control such diverse functions remain the matter of some
debate [222], Shortman and colleagues originally argued that thymic DCs develop
from lymphoid precursors distinct from the myeloid cells thought to give rise to other
DC types [130], A subset of DCs in spleen and lymph node were also identified as

lymphoid in origin, and it was suggested that these too might tolerise T cells by Fas-
mediated deletion [159, 189]. The story has been complicated by the description of

many more DC subsets, but the idea that the function of a DC is fixed by its lineage
has persisted. Moser [152] and others [167] have reported that only CD8a+ DCs are

able to release the IL-12 that can drive IFNy production and a Thl response.

Pulendran et al. described differences in DC localisation and antigen uptake that
correlated with lineage [188],

Intuitively, it is hard to accept that the performance of a DC is determined solely by
its ontogeny. This seems unfeasibly rigid in an immune system that must respond

appropriately to innumerable different insults. There is a growing body of evidence
that DCs are plastic, capable of reading external signals and tailoring the immune

response appropriately. Cytokines can polarise DC function: IFNy enhances DC

production of IL-12, thereby skewing the T cell response towards a Thl phenotype,
while prostaglandins suppress IL-12 release and allow the development of Th2 cells

[343, 344], Different pathogens are also influential. DCs can distinguish between
bacterial and parasitic antigens and stimulate type 1 or type 2 immunity accordingly,
even discriminating between the yeast and hyphae of the fungus Candida albicans

[115,208,209],
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One of the attractions ofDC plasticity is that it implies that DCs are open to

modulation, and so could be used to manipulate the immune system. If the presence

of different cytokines or other agents during DC activation can determine their

function, these cells have considerable therapeutic promise. With the aim of

generating tolerogenic DCs for use in vivo, I began by stimulating DCs with LPS in
the context of IL-10, IL-4 or PGE2. This chapter describes the different phenotypes
that were achieved. While PGE2 reduced the ability of DCs to stimulate T cells, IL-4

surprisingly enhanced it. The effect of IL-10 was most pronounced, however. DCs
activated in the presence of IL-10 showed an early upregulation ofMHC and

costimulatory molecules, followed by rapid downregulation. The induction of these
surface markers occurred in the absence of full IL-12 expression and without
detectable IL-10 production. IL-10 appears to act not by holding DCs in immaturity,
but rather by dictating the kinetics and quality of their activation.

3.2 Approach

Initial experiments identified bone marrow-derived dendritic cells as a source of DCs

open to manipulation. When the cells were harvested at day 7 of culture, they had a

largely immature phenotype, with little MHCII or B7.2 on their surface. These cells
were replated into medium containing both LPS and different cytokines, to drive DC
maturation in the presence of putative polarising signals. The DCs were harvested at

various times afterwards and either phenotyped by flow cytometry and PCR or

assessed functionally in T cell proliferation assays.

3.3 Results

3.3.1 Dendritic cell sources

In order to obtain a population of dendritic cells to study, splenic DCs were first

compared with those grown in vitro from early bone marrow progenitors (fig 3.1).
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Initial attempts to purify splenic DCs used MACS technology to positively select
CD1 lc+ cells. Yields were unpredictable (0.5 to 6 xlO6 DC/spleen), however, and
their viability predictably poor (typically <50%). As an alternative, plastic adherence
was used to enrich DCs to ~30-40% of splenocytes. The majority of contaminants
were B cells, and subsequent depletions of B cells, T cells and granulocytes left a

highly purifed DC population (-95% CD1 lc+ MHCII+; fig 3.1C). Cell death was

still considerable (see fig 3.IB), but viable yields averaged 5xl05 DC/spleen. Given
that DCs are thought to comprise 1-1.5% ofmouse spleen [284, 345], this suggests

reasonably efficient recovery.

The major disadvantage of these splenic DCs was that, probably due to both their

origin in secondary lymphoid tissue and the protracted isolation procedure, the cells
had an extremely mature phenotype: staining for both MHCII and B7.2 was intense

(fig 3.1C, D). Mature DCs are reported to be resistant to polarising signals [205,

346], and so in order to manipulate DCs by maturing them in the presence of
different cytokines, a source of immature cells was needed. Bone marrow-derived
DCs (BMDCs) offered a more malleable population. Harvesting BMDCs at day 7 of
culture yielded cells that were predominantly alive (fig 3.IF), were 85-90% pure (fig

3.1G) and, importantly, expressed only low levels ofMHCII and B7.2 on their
surface (fig 3.1G, H). The numbers ofDCs generated in this way were also several
fold higher than those isolated from spleen. The femurs from a single mouse

typically released -2x107 bone marrow precursors, which could produce 1 - 1.5xl07
immature DCs by day 7.

While the extended culture period required to obtain BMDCs may make them less

physiologically relevant than ex vivo splenic DCs, equivalent protocols exist for

growing DCs from myeloid precursors in human blood [25] [347], BMDCs
therefore have a strong therapeutic relevance. For this reason, and because they
could provide access to plentiful immature DCs, BMDC cultures were used for all

subsequent experiments.
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Spleen Bone marrow

Figure 3.1 Comparison of spleen- and bone marrow-derived DCs. DCs were
either purified from mouse spleen using plastic adherence and depletion of
contaminating lymphocytes and granulocytes, or grown from bone marrow
precursors in the presence of GM-CSF and harvested at day 7 of culture. This
figure depicts their phenotype immediately after isolation or harvest. (A&E)
Photographs of cytospins stained with haematoxylin and eosin. Magnification,
xlOOO. (B&F) Forward and side scatter profiles, assessed by flow cytometry.
Note the different scales, linear vs log, on the side scatter axes. The live cell gate
used for subsequent analysis is shown. (C&G) Double staining for CDllc and
MHCII, used as an estimate of dendritic cell purity. The numbers give the
percentage of live cells falling in the top right quadrant. (D&H) B7.2 expression.
Open peaks indicate isotype controls. Data in all panels are representative of at
least five separate experiments.
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3.3.2 DC maturation

The maturation process of dendritic cells was mimicked in vitro by stimulating them
with LPS from E. coli bacteria, an archetypal activation signal. Murine bone marrow
derived DC are notoriously prone to spontaneous maturation and indeed the
unstimulated population already displayed a reasonable level ofMHC and
costimulation on their surface. This probably reflects both the age of the cells and
the disruption involved in their replating. 24 hours' culture in LPS, however, further
increased expression of both MHCI andMHCII and the costimulators B7.1, B7.2,
CD40 and ICAM-1 (fig 3.2A). When the DC were coated with peptide and
cocultured with specific T cells, this LPS-induced "maturation" enhanced T cell

proliferation (fig 3.2B).

Unstimulated

With LPS

CD11C MHCII MHCI B7.1 B7.2 CD40 ICAM-1

B

0.001 0.01 0.1 1

[ova peptide] (ug/ml)

Figure 3.2 Dendritic cell maturation. DCs were harvested at day 7 of culture and replated in
medium alone (unstimulated) or in the presence of LPS (O.lpg/ml). (A) Surface marker
expression 24h after stimulation, measured by flow cytometry. Open peaks represent isotype
controls. (B) T cell stimulatory capacity, also at 24h. DCs were pulsed with ova peptide and
mixed with CD4+ cells purified from DO11.10 TCR Tg mice. Proliferation was measured by
3H-thymidine incorporation during the last 16h of a 3d culture. Data is shown as the mean of
triplicate cultures ± SEM. Both panels are representative of at least three different experiments.
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Figure 3.3 DCs are responsive to environmental signals. DCs were harvested at day 7 of
culture and stimulated with LPS for 24h either alone or in combination with IL-10 (50ng/ml),
PGE2 (0.1 gM) or IL-4(50ng/ml). (A) Surface phenotype, assessed by flow cytometry. Open
peaks indicate isotype controls. (B) T cell proliferation. DCs were pulsed with ova peptide at
lpg/ml and mixed with DO11.10 T cells. Proliferation was measured by 3H-thymidine
incorporation during the last 16h of a 3d culture. Data represents the mean of triplicate cultures
± SEM. (C) DC IL-12 expression, assessed by RT-PCR. H20 control. All panels are
representative of three independent experiments.
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3.3.3 Polarisation by cytokines

E. coli LPS alone generates strongly immunogenic DCs that secrete IL-12 and favour
a Thl response [7, 348], To elicit a contrasting phenotype, DCs were activated with
LPS in the presence of IL-10, PGE2 or IL-4.

The data here support the argument for DC plasticity: different phenotypes and, at
least in terms of T cell stimulation, different functions were achieved from a single
DC prep (fig 3.3). The influence of the individual cytokines was interesting. At this
24h timepoint, IL-10 caused a profound downregulation of both MHC and
costimulator expression and consequent T cell proliferation. PGE2 suggested a

similar effect, but its downregulation was less severe and this discrepancy could not

be overcome by increasing its concentration. The action of the two cytokines was

clearly not identical. Most surprising was the impact of IL-4. IL-4 is a model Th2

cytokine and I expected it to suppress the immunogenicity and the Thl inducing

capacity of DCs. In contrast, its effect was a slight enhancement of LPS-induced

activation, seen in terms of the surface phenotype of the DCs (fig 3.3A), the

proliferation of the responding T cells (fig 3.3B) and the DC expression of IL-12 (fig

3.3C).

LPS + IL-10

LPS

Unstimulated

IL-10

CD11c MHCII B7.2

Figure 3.4 IL-10 alone is not a DC activation signal. DCs were replated at day 7
and cultured for 24h with or without LPS, in the presence or absence of IL-10.
Their surface phenotype was assessed by flow cytometry. Open peaks represent
isotype controls. Data is representative of three separate experiments.
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3.3.4 Activation in the presence ofIL-10

While the synergy between LPS and IL-4 was intriguing, I wanted to obtain a DC

phenotype that could be used to regulate T cell responses. 1L-10 appeared the best
candidate. The marked suppression of surface MHC and costimulation and of T cell

proliferation seen in figure 3.3 has been understood as an inhibition ofmaturation:
the presence of 1L-10 negates the effect of LPS and prevents upregulation of
activation markers [205, 349]. The impact of IL-10 appears more profound,
however. After 24 hours' stimulation, IL-10 suppressed both MHCII and B7.2

expression to a level not equal to, but consistently below that of the unstimulated
control (compare figs 3.2 and 3.3; also evident in fig 3.4). While IL-10 alone seems

to do little to disturb immature cells - it is not itself an activation signal (fig 3.4) -
the downregulation caused by LPS and IL-10 together suggests the DCs have made
some kind of active response to the combined signal. In support, at just 6 hours post-

stimulation, both IL-10 treated and LPS alone populations were activated: their

expression ofMHCII and B7.2 was high, and higher than that seen at 24h with LPS
alone (fig 3.5). This is exciting first because it demonstrates that LPS-driven
activation is transient, with MHCII and B7.2 up- and then down-regulated within

24h, and second because it demonstrates that activation does occur in the presence of
IL-10. The regulatory function of this cytokine is not a complete inhibition of
maturation.

Unstimulated

LPS

LPS+IL-10

Figure 3.5 IL-10 treated DCs respond to stimulation. DCs were replated and stimulated
with LPS, in the presence or absence of IL-10. This figure shows their surface phenotype 6h
after activation; compare with figure 3.4, taken at 24h. Open peaks indicate isotype controls.
Data is representative of five different experiments.
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3.3.5 Downregulation ofantigen acquisition

To confirm the maturation status of IL-10 treated DCs, their ability to internalise a

fluorescent antigen was assessed. The switch from antigen uptake to antigen

presentation is, at least in vitro, a hallmark ofDC maturation [4, 350]; this allows

antigen uptake to be used as a convenient measure of immaturity. Unstimulated,
'immature' DCs contained a population of cells that actively internalised FITC-
dextran and became brightly fluorescent. Cells that had been matured in LPS for 24h

acquired less antigen: in the experiment shown, the mean fluorescence of this

population fell from 200 to 66 (fig 3.6). DCs stimulated with LPS and IL-10 also
showed reduced antigen uptake, their fluorescence matching that of the mature, LPS-
treated DCs rather than immature cells.

Unstimulated

mfi = 199.9

LPS alone

mfi = 65.5

LPS + IL-10

mfi = 81.3

Figure 3.6 IL-10 treated DCs downregulate antigen uptake. DCs were given
LPS and IL-10 for 24h before being washed and pulsed with FITC-dextran.
Internalisation was assessed by flow cytometry. (A) Forward and side scatter
plot showing the live cell gate used for analysis. (B) Background
autofluorescence, measured on unstimulated cells pulsed with PBS alone. (C)
Antigen uptake assay. Open peaks indicate background uptake at 0°C, filled
peaks specific uptake at 37°C. Numbers give the mean fluorescent intensity for
cells within the marker shown. Data is representative of three independent
experiments.
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3.3.6 Acceleration ofactivation kinetics

The presence of IL-10 during DC activation does not prevent the early upregulation
of surface markers, nor the loss of an immature phenotype, but it does suppress the
levels ofMHC and costimulation seen 24h after stimulation. Intrigued by the
transience of activation, the expression of these markers was followed over time.
The results are shown in figure 3.7. They reveal a clear wave of activation, with

expression increasing, peaking and falling again within the 24h period. The variation
was most striking for B7.2 but also occurred for MHCII and, to a lesser degree, for
B7.1. Expression of all three markers peaked at 6-12h with LPS alone and was

beginning to fade by 24h. Cells stimulated with LPS plus IL-10 achieved equivalent
levels of expression, but the peak occurred earlier, around 3-6h, and downregulation
was much more advanced by 24h. Throughout the timecourse, the expression of the
DC marker CD1 lc was stable and comparable for both populations of cells. Thus, in
terms of surface phenotype, the effect of IL-10 is to drive LPS activated DCs more

quickly into and out of activation. Its influence is kinetic.

Figure 3.7 IL-10 accelerates DC activation kinetics. DC were stimulated with LPS or LPS plus
IL-10 and samples removed from the culture at various times afterwards for analysis by flow
cytometry. Open peaks indicate isotype controls. Data is representative of three independent
experiments.
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3.3.7 Post-activation death

The lifespan ofDCs arriving in a lymph node is short; the final consequence of
activation is death [155], The rapid kinetics of IL-10 treated DCs could either speed
them into an early death, or result in an extended post-activation 'exhaustion' with
the cells then dying at the same time as those stimulated by LPS alone. To

distinguish the two possibilities, the percentage of dead or dying cells was measured
at various times after activation (fig 3.8). Unstimulated cells lived longer than either

population given LPS; IL-10 treated DCs again behaved as mature cells. At early

timepoints, however, their death rate was higher than that of cells in LPS alone,

suggesting that IL-10 accelerates DCs through activation and on into death.

A

A

unstimulated

LPS

LPS + IL-10

—Forward scatter

Figure 3.8 Cell death following activation. DCs were stimulated with or without LPS
and EL-10 and stained with the membrane impermeant dye ToPro3 at various times
afterwards. (A) An example of staining, taken after 24 hours' stimulation. The boxed
region was used to define dead cells. (B) Percentage cell death as a function of time.
Data is representative of four separate experiments.
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3.3.8 Delayed addition ofIL-10

Several groups have reported that DCs become resistant to the effects of IL-10 as

they mature [205, 346, 351], This is consistent with an inhibition of maturation, but
it needed to be reconsidered in light of the kinetics of DC activation. DCs were
stimulated with LPS and IL-10 was added either immediately or at various times
afterwards. All cultures were analysed by flow cytometry 24 hours after the initial
LPS (fig 3.9). As seen earlier, the LPS signal alone induced a relatively high level of
B7.2 expression. When the LPS was given together with IL-10, that expression was

downregulated. As the time delay was increased between the LPS stimulus and the
addition of IL-10, the extent of suppression diminished.

Unstimulated plus LPS

MHCII B7.2 MHCII B7.2

Figure 3.9 IL-10 can downregulate LPS-activated DCs. DCs were stimulated with LPS, or not,
at Oh. IL-10 was added to both types of culture either immediately or at various times afterwards.
Cells were harvested at 24h and their expression of surface markers measured by flow cytometry.
Open peaks indicate isotype controls. Data is representative of two independent experiments.
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This result is perhaps unsurprising given the experimental design: IL-10 added 18
hours after the LPS had considerably less time in which to act before the cells were
taken for staining, compared to IL-10 given at the start of the timecourse. It does

suggest, however, that shortly after stimulation DCs remain at least partially

responsive to IL-10 mediated suppression. This window of opportunity appears to

include the 6-8h timepoint at which LPS stimulated DCs are at the peak of their
activation.

3.3.9 Cytokine deficiencies

To see whether IL-10 affected the quality of activation as well as its kinetics, DCs
were examined first for their production of IL-12. IL-12 is a key dendritic cell

cytokine, often used as an indicator of activation [352] [353] and proposed by
Kalinski et al. to be the determinant of Thl vs Th2 polarisation [10]. As seen by RT-

PCR, both IL-12 p40 and p35 genes were strongly induced by LPS stimulation, with
or without IL-10 (fig 3.1OA). The response was short-lived, with downregulation of
both genes apparent by 14h post-stimulation. Although these kinetics were affected

by IL-10, with expression peaking earlier in its presence, the dominant effect was
one of scale. This was reinforced when the samples were quantified by real-time
RT-PCR (fig 3.10B). DCs activated in the presence of IL-10 did show a brief, early

upregulation of IL-12 p40. Expression was maximal 2h after stimulation, 2000-fold
above the pre-stimulation background, and had returned to baseline by 6h. This

response was dwarfed by that seen with LPS alone, however; peak expression then
was 10-fold higher. The p35 subunit showed a similar pattern: although transcription
was induced in the presence of IL-10, the effect was stronger in its absence.

When intracellular cytokine staining was used to visualise protein production during
the first 6 hours post stimulation, the same IL-12 deficiency was apparent on two

levels (fig 3.10C). The number of DCs making any IL-12 was lower in IL-10 treated
cells than in those given LPS alone, and the IL-10 DCs also made less IL-12 on a per

cell basis. Together this reinforces the difference in scale seen in the gene expression
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Figure 3.10 IL-12 expression. (A&B) DCs were stimulated with LPS and IL-10 and
samples taken for RNA extraction at various times afterwards. (A) Expression of the two
IL-12 subunits assessed by RT-PCR, using B-actin for comparison. (B) Quantitative real¬
time RT-PCR. Y-axis scale indicates an «-fold increase above gene expression at Oh. Data
is represented as the mean of triplicate reactions ± SEM. (C) Protein production was
measured 6h after stimulation using intracellular cytokine staining. Numbers give the
percentage of live CDllc+ dendritic cells positive for IL-12, ie. falling in the top right
quadrant, and the y-axis mean fluorescent intensity of these cells. Data is representative of
three independent experiments.
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assays. One caveat to the protein data is that the staining antibody recognises the

p40 subunit of IL-12 but cannot distinguish between monomers, bioactive
heterodimers or potentially inhibitory homodimers.

That said, the main observation here appears to be that DC stimulated in the presence

of IL-10, even when phenotypically activated, still make little IL-12. Reis e Sousa
and colleagues have described an IL-12:IL-10 axis in which DC stimulated to

produce one cytokine make little of the other [223], McGuirk [112] and others [216,

354] have reported that IL-10 producing DCs induce a regulatory or anergic T cell

response. I was interested therefore to see if the lack of IL-12 in my cells

corresponded with an increase in IL-10. Figure 3.11 suggests not, neither at the level
of gene expression nor of protein production. DCs activated by LPS alone express

some IL-10 message but translate little protein; DCs stimulated in the presence of IL-
10 express and translate virtually none.
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Figure 3.11 IL-10 production. DCs were stimulated with LPS and IL-10 and
samples taken for RNA extraction or cytokine staining, as in figure 8. (A) IL-10
expression, assessed by real-time RT-PCR. Y-axis scale indicates an w-fold increase
above gene expression at Oh. Data is shown as the mean of duplicate reactions. (B)
Protein production, measured 6h after stimulation. Numbers give the percentage of
CDllc+ cells positive for IL-10, and the mean fluorescent intensity of these cells.
Data is representative of three separate experiments.
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3.4 Discussion

Although it is clear that distinct DC subsets have distinct functions, this probably
reflects a combination of lineage [189, 355, 356], stimulus [348], activation state

[118] and environment [10, 12]. In a paper detailing five discrete DC populations

separated according to degrees of expression of CD8a and CD1 lb, Pulendran et al.

emphasised the complexity of the system [188], He wrote,

'The data presented here highlight the need to view DC development ...
as an interplay of distinct ontologic lineages with a maturational
dependence on specific microenvironmental signals.'

By demonstrating different phenotypes in response to different cytokine signals, this

chapter supports the argument for DC flexibility. The bone marrow derived DCs
used were fairly heterogeneous, however, as evident in the range ofMHCII

expression on unstimulated cells (see fig 3.3, for example). Several alternative
culture methods have been suggested in order to generate a more homogeneous,

reliably immature source of DCs [357, 358], but in all of them, factors such as the

gentleness of handling and the batch of culture medium can cause considerable
variation. While my DCs were negative for CD8a and CD4 and, by virtue of their

growth in GM-CSF, were most likely myeloid cells, it is a formal possibility that the
different phenotypes arise not because of plasticity at the level of single cells, but in

response to selective outgrowth of distinct precursors. In defence, there is very little

proliferation of DC after day 7 of culture [335], which covers the lifespan studied
here. Kapsenberg et al. tried to address this issue by skewing a DC population
towards one extreme phenotype and then trying to reverse that function in the same

cells. They found that, though initially open to polarisation, the DC became fixed
and resistant to any opposing function. Their conclusion, however, was simply that
DCs are one-shot cells with a limited lifespan (Kapsenberg, 1999, Metchnikoff

lecture, Edinburgh, UK). The question remains open.

PGE2 was described as a DC2 generating factor in Kalinski's seminal proposal of DC

polarisation [10]. It is an inflammatory mediator associated with the enhancement of
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humoral immunity [359, 360]. Its action results at least in part from its potent

suppression of IL-12 production by APC [361, 362], which may [363] or may not

[362] be due to induction of endogenous IL-10. In contrast to IL-10, however, PGE2
has been reported to synergise with other inflammatory mediators in enhancing DC

activation, specifically by augmenting upregulation ofMHC and costimulatory
molecules in response to IL-1 (3 and TNFa. PGE2 is also thought to be an important

component of the ill-defined monocyte conditioned medium (MCM) used by

Bhardwaj and colleagues as a positive control in the induction of DC maturation

[83]. By looking only for PGE2-mediated changes in the expression of DC markers
or in the consequent proliferation of T cells, I perhaps missed the real impact of this

reagent. Cytokine analysis would have been more revealing.

The same may be true ofmy assessment of IL-4. I observed slightly elevated

expression ofMHCII and B7.2 and T cell stimulation and saw hints of increased IL-
12 by PCR. Since then, three reports have described IL-4 mediated promotion of IL-
12 release by DCs, leading to a Thl bias in the T cell response [364-366]. Although

initially surprising, this may have evolved as a regulatory loop to prevent extreme

Th2 reactions. A similar effect has been attributed to IL-13 [366]. There is

supporting data in vivo too. IL-4 knockout mice are deficient in Thl as well as Th2

responses [367], Recombinant IL-4, rather than treating Thl type autoimmunity,
instead exacerbates symptoms in both experimental arthritis and uveoretinitis [368,

369]. In human atopic dermatitis, the T cell activity in the skin that is initially
characterised by Th2 type cytokines later becomes dominated by IL-12 and IFNy

[370],

In contrast to IL-4, IL-10 is one of a number of factors reported to modulate DC
function by trapping the DC in an immature state [205, 206, 346, 349, 351, 371].
Data presented here have shown that DC activated in the presence of IL-10 do

respond to the LPS stimulus, downregulating antigen uptake and increasing

expression ofMHC and B7, but this activation is transient. The immunosuppressive
action of IL-10 appears then to accompany some degree ofDC maturation. The

discrepancy may be explained by the different timescales examined. Beulens,
Steinbrink, Kalinski and Sato all reported the apparently immature phenotype of IL-
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10 treated DCs 48h or more after addition of IL-10 [205, 206, 346, 371], While the
kinetics of DC activation in human monocyte-derived DCs may be slower than in
mouse bone marrow equivalents [117], this is still in full agreement with the
observations presented here. That expression of activation markers is low at a

particular time after stimulation does not necessarily mean that it has been low

throughout the intervening period.

This is an idea that has been hinted at previously. Beulens et al. recorded uninhibited

expression of the human DC maturation marker, CD83, in the presence of IL-10

[371], De Smedt et al. noted that in splenic DC, IL-10 treatment did not prevent the

upregulation of surface B7 or CD40 but did skew towards a Th2 outcome in vivo

[372], Rea et al. demonstrated that suppression ofDC function by the steroid
dexamethasone was concomitant with DC maturation [373], The association
between DC immaturity and tolerance, "signal 1 without signal 2" [374], was further

challenged recently. Albert et al. reported that both cross-priming and cross-

tolerance require mature DCs [375]. With both TCR engagement and costimulation
in place, the T cell response was determined by an additional "signal 3". Like the
data presented here, this suggests that DC maturation state alone does not dictate
tolerance or immunity. In support, TNFa-matured DC have been shown to express

high levels ofMHC and costimulation and yet to elicit tolerance in vivo [111].
Maturation driven by a B. pertussis antigen gives a similar DC phenotype, and these
cells guide the development of Trl regulatory T cells [112], DC activated in the

presence of IL-10 may share the same phenotype.

The nature of signal 3 remains uncertain. It was originally defined as a cytokine

signal, directing the Thl/Th2 balance of the T cell response [10], DC derived

cytokines may contribute to T cell activation as well as polarisation [376], with IL-2
an intruiging new example [109, 245], Both Menges [111] and McGuirk [112] used
DC that were phenotypically activated but secreted little cytokine. The IL-10 treated
DCs used here were also deficient in both IL-12 and IL-10. Lutz and Schuler [113]
term such DC "semi-mature", a description that befits their poor performance in both

cytokine release and T cell stimulation. The data presented in this chapter add a

kinetic perspective: the high levels ofMHC and B7 on our IL-10 treated DC are not
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maintained. Their decline is rapid, with downregulation almost complete within 24h
in the presence of IL-10. The surface ofmature DC is considered relatively stable:
the half-life ofMHCII has been measured at over 100 hours [92], This implies that
the reduction in marker expression is an active process, not a passive loss. If the
interaction between DC and responding T cells is normally a lengthy conversation

[377], then the premature downregulation of key DC molecules may be sufficient to
limit T cell proliferation. Their activation would literally be aborted [378],

IfDC regulation was purely kinetic, the T cell outcome would be dictated by the

stage of differentiation that the DC had reached as it arrived in the lymph node. If it
met a specific T cell at the height of activation, then strong immunity would result; if
it was past its peak, the consequent immune response would be different, perhaps
even tolerant. This is an extension of Lanzavccchia et al.'s description ofDC
exhaustion [118, 379]. Simplistically, it predicts that the same activation should
occur in the presence and absence of IL-10 with the only difference being one of

timing. This is indeed what happens in terms of surface phenotype, but analysis of
the IL-12 expression of the two DC populations revealed qualitative differences.

Temporal regulation and alternative activation may be complementary. The kinetic

profiles of the individual costimulatory molecules differ: the variation in expression
is more pronounced for B7.2 than B7.1, for example. The balance of costimulation

signals provided by DC will consequently change over time, influencing the T cell
outcome [262, 263]. A similar argument can be made for IL-12. Bioactive IL-12 is
a 70kD heterodimer comprised of p40 and p35 chains, encoded by separate genes. In

DCs, regulation appears to focus on the p35 subunit [365, 380] and an excess of p40
can form inhibitory homodimers [381], Data in this chapter suggests that the
induction of p35 expression in response to LPS is delayed relative to that of p40.
The changing ratio of the two subunits will determine the amount of functional IL-12

produced over time.

How long does it take for a DC to respond to pathogenic signals in the periphery and
to arrive in the lymph node? Norbury et al. observed antigen-laden DCs in the

draining lymph node within 6h of injecting virus into the footpad [382], Both DC
number and antigen presentation then declined rapidly, suggesting a relatively short
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timescale. Experiments using an adoptive transfer ofDO 11.10 T cells reported
maximal production of IL-2 by lymph node T cells 6h after intravenous
administration of peptide [383], and by 12h following subcutaneous injection of

protein antigen [384], The low levels ofMHCII and B7 on the surface ofDC 24h
after stimulation in the presence of IL-10 appear less relevant than the high levels
that we see at 6h. The establishment of tolerance by IL-10 treated DC [205, 351]

may not be a default response caused by the immaturity of the DC, but a reaction to

definite signals from fully differentiated APC.

In summary, IL-10 has a powerful influence on DC function. The data presented in
this chapter suggest that this is achieved not by preventing DC maturation, but by

controlling the kinetics and cytokine profile of their activation. I next wanted to

assess the impact this might have on the responding T cells.
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Chapter 4 - The T cell response to IL-10 DCs in vitro

4.1 Introduction

Adaptive immunity is distinguished by its vast repertoire of antigen specificities.
This creates a formidable defence against pathogens, but it comes at a cost: the
random generation of antigen receptors allows the development of self-reactive

lymphocytes, capable of attacking the body's own tissues with the same destructive

efficiency normally used to purge infections. Tolerance mechanisms have evolved

alongside immunity to protect us from such 'horror autotoxicus' [220, 385], Central
tolerance prevents the development of autoreactive cells by deleting those that

respond to self peptides displayed in the thymus [386, 387], The system is leaky,

however, and cells with low affinity receptors or whose specific antigen is absent
from the thymus can survive and escape into the periphery [82, 275], Peripheral
tolerance exists to prevent the activation of these survivors. It comes in several

guises. Deletion [388, 389], anergy [290], suppression [390] and deviation [298]
have all been described.

The inhibition ofT cell responses is currently a topic of intense interest. Several

populations of regulatory T cells have recently been described, including CD25+

Treg cells, IL-10 dependent Trl cells and TGF|3 secreting Th3s [305, 317, 323],
While their surface markers and their means of suppression appear to be different, all
three groups are characterised by a limited proliferation in response to antigen. This
is reminiscent of T cell anergy, defined as a long-term state of hyporesponsiveness

[292] and also proposed as a mechanism of peripheral tolerance [289], Anergy was

originally understood to be a result of signal one without signal two, TCR triggering
without adequate costimulation [391]. Immature DCs express sufficient MHC to

engage TCRs [217], but with very little B7.1, B7.2 or CD40 [358], Thus, while the
activation of dendritic cells initiates immunity, the steady-state migration of
immature DCs is thought to maintain peripheral tolerance [328].

89



The link between IL-10 treated DCs and T cell tolerance, then, appears to be a simple
one: IL-10 inhibits the maturation ofDCs, preventing their upregulation of

costimulatory molecules and rendering responsive T cells anergic [205]. The data

presented in chapter 1 suggest that this may not be the whole story. Six hours after

activation, DCs stimulated in the presence and absence of IL-10 both express high
levels ofMHCII, B7.1 and B7.2. This chapter considers the impact of these DCs on

an in vitro population of responding T cells. Experiments show that even early after

stimulation, with high levels ofMHC and B7, IL-10 treated DCs fail to prime T cells
as effectively as their LPS-matured counterparts. This initial interaction with an IL-
10 treated DC appears to limit both the proliferation and the cytokine production of
the T cells upon subsequent rechallenge. Although both DC populations are

phenotypically activated, they direct quite different T cell responses.

4.2 Approach

Immature DCs were harvested on day 7 of culture and stimulated for 6 or 24h with
LPS or LPS and IL-10. They were washed, pulsed with ova peptide and mixed with
CD4+ cells from DO 11.10 TCR Tg mice. The resulting T cell proliferation and
activation marker expression in these primary co-cultures was analysed by 3H-
thymidine incorporation and flow cytometry. In addition, some T cells were kept in
culture for 7d, in the presence of exogenous IL-2, before being recovered and
restimulated. These secondary cultures were assessed by recording their

proliferation in response to peptide presented on irradiated APCs, and by analysing
their cytokine expression after stimulation with PMA and ionomycin.
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4.3 Results

4.3.1 T cell stimulation at 24h

As described in chapter 3, DCs activated with LPS and IL-10 retained only very low
levels ofMHC and B7 on their surface 24h later (see fig 3.3). Correspondingly, they
elicited only limited T cell proliferation (figs 3.3 and 4.1). Like their surface marker

expression, their T cell stimulation was below that of the unstimulated controls, and

although the range of peptide concentrations did not reach saturation, this deficiency
was not overcome by increasing the antigen dose (fig 4.1). In contrast, DCs
activated with LPS alone induced high levels of T cell proliferation (fig 4.1).

[ova peptide] (ug/ml)

LPS alone

Unstimulated
LPS + IL-10

Figure 4.1 IL-10 treated DCs fail to stimulate T cell proliferation. DCs were
harvested at day 7 of culture and replated in medium alone (unstimulated), with LPS
or with LPS and IL-10. After 24h cells were pulsed with ova peptide and mixed with
CD4+ cells from DO11.10 TCR Tg mice. Proliferation was measured by 3H-
thymidine incorporation during the last 16h of a 3d culture. Data is shown as the
mean of triplicate wells ± SEM and is representative of three independent
experiments.
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4.3.2 T cell stimulation at 6h

The lack of proliferation seen in response to DCs activated in the presence of IL-10
for 24h or more has been widely reported [205, 346, 351, 392] and is easily

explained in terms of their limited expression ofMHC and costimulatory molecules.
At 6h post-activation, however, the surface phenotype of these DCs appears largely

equivalent to that of DCs matured with LPS alone (see fig 3.5). Surprisingly then,
even when the DCs were mixed with T cells 6h after activation, the IL-10 treated

population still displayed a marked deficiency in T cell stimulation. The responding
T cells proliferated no more than they did in response to unstimulated DCs, whereas
LPS-activated DCs induced much stronger T cell proliferation (fig 4.2).

[ova peptide] (ug/ml)

-m- LPS alone

—k— LPS + IL-10

~k~ Unstimulated

Figure 4.2 Even at 6h, IL-10 treated DCs stimulate a limited T cell response.
The different DC populations were assessed in a T cell proliferation assay as in
figure 4.1, but here the DCs were stimulated with LPS ± IL-10 for only 6h before
being pulsed and mixed with T cells. Proliferation was measured by 3H-thymidine
incorporation during the last 16h of a 3d culture. Data is shown as the mean of
triplicate wells ± SEM and is representative of four independent experiments.

4.3.3 Addition ofexogenous 1L-12

Since IL-10 treated DCs stimulated only limited T cell proliferation at 6h post

activation, despite high levels ofMHCII, B7.1 and B7.2, some other aspect of the
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DC phenotype had to be responsible. IL-12 was an obvious candidate: it is a key

component ofDC activation and it was expressed at clearly different levels by DCs
stimulated in the presence or absence of IL-10 (see fig 3.10). IL-12 was originally
described as a T cell growth factor [393, 394] and it has also been shown to support

B cell proliferation [395],

Figure 4.3 shows, however, that IL-12 is not the explanation for the lack of T cell

proliferation seen here. The addition of exogenous IL-12 to the cytokine deficient,
IL-10 treated DCs did not enhance their T cell stimulation, and the addition of

blocking antibodies against IL-12 to the cytokine sufficient, LPS-activated DCs did
not inhibit theirs (fig 4.3).

[ova peptide] (ug/ml)

LPS DCs
»■••• LPS DCs + anti-IL-12
—- LPS+IL-10 DCs
....... LPS+IL-10 DCs + IL-12
—Unstimulated DCs

Figure 4.3 IL-12 does not affect T cell proliferation. DCs were harvested at day 7
of culture and replated in medium alone, with LPS or with LPS and IL-10. After 6h
DCs were pulsed with ova peptide and mixed with DO11.10 CD4+ cells. Some co-
cultures were supplemented with either recombinant IL-12 or with an anti-IL-12
blocking antibody, as indicated. Data is shown as the mean of triplicate wells ± SEM.

4.3.4 T cell activation markers

The low level ofT cell proliferation in response to IL-10 treated DCs could indicate
either inefficient priming, leaving a higher percentage ofT cells ignorant and naive,
or an active suppression of the T cell response. To distinguish the two possibilities,
the T cells were assessed first in terms of their expression of activation markers.
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Figure 4.4 T cell activation markers. DCs were harvested at day 7 of culture and replated
in medium alone, with LPS or with LPS and IL-10. After 6h DCs were pulsed with ova
peptide and mixed with DOl 1.10 CD4+ T cells. Samples were removed from the co-cultures
for analysis by flow cytometry either 24 or 96h later, as indicated. "Naive" cells were CD4+
T cells purified from a DOl 1.10 mouse and stained immediately. All histogram plots are
gated on Rl, which was set on forward and side scatter characteristics to include all live
lymphocytes, both resting and blasting. It is shown at the top of the figure. Percentages
give the proportion of gated cells falling within the marker shown, and mfi refers to the
mean fluorescent intensity of all gated cells. Data is representative of three separate
experiments.
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Naive T cells were mixed with antigen-pulsed DCs that had been stimulated for 6h,
and samples then taken for analysis by flow cytometry. After 24h of co-culture, all
three groups ofDCs had induced markers of T cell activation: CD69 and CD25 were

upregulated and CD45RB and CD62L downregulated, in comparison to freshly
isolated naive CD4+ cells (fig 4.4). The degree of activation fitted well with the

proliferation data shown earlier (fig 4.2). The T cell population stimulated by LPS-
matured DCs contained more CD69hl, CD25hl and CD62L10 cells than the populations
stimulated by DCs given LPS and IL-10 or DCs left in medium alone (fig 4.4). The
latter two groups appeared similar in phenotype, as they did in proliferation, despite
the difference in expression ofMHC and B7 on the dendritic cells.

To assess the phenotype of the T cells later in their response, samples were also
taken after 96 hours of co-culture. Expression of CD69 and CD62L mirrored that
seen at 24h, with a greater percentage of activated T cells in the group stimulated by
LPS DCs than in either of the others (fig 4.4). The CD25 staining was particularly

interesting. Transient display ofCD25, the a chain of the IL-2 receptor, is

commonly used as a T cell activation marker [396], but sustained expression has
been associated with a population of regulatory T cells shown in vitro and in vivo to

suppress other T cell responses [305, 397], While almost all cells in fig 4.4

expressed some CD25 at 96h, the intensity of staining was higher in the unstimulated
and LPS+IL-10 groups than in the LPS alone set. Although intruiging, this trend was

not consistent between experiments.

4.3.5 T cell restimulation

To distinguish further between a failure to prime and an active suppression, T cells

responding to IL-10 treated DCs were maintained in culture in the presence of

exogenous IL-2, before being recovered and rechallenged with peptide presented on

irradiated APC. The reasoning was that if the T cells had been left ignorant by
inefficient priming, then the competent APC should elicit normal, primary-type

proliferation, whereas if the T cells had been tolerised, then their response should be
inhibited. The result is given in figure 4.5. While T cells recovered from culture
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with unstimulated DCs showed surprisingly strong proliferation, above even that of
the LPS-activated DCs, T cells originally stimulated by IL-10 treated DCs were
much less responsive to restimulation.
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Figure 4.5 Recovered T cells respond differently to restimulation. DCs were
harvested at day 7 of culture and replated in medium alone, with LPS or with LPS and IL-
10. After 6h DCs were pulsed with ova peptide and mixed with DOl 1.10 CD4+ cells. 3d
later, the cells were spun through lympholyte and replated in fresh medium containing IL-
2 (see section 2.7.2). 7d after the original co-culture, cells were collected, counted and
mixed with irradiated splenocytes. Ova peptide was added and proliferation measured by
3H-thymidine incorporation during the last 16h of a 3d culture. Data is shown as the mean
of triplicate wells ± SEM and is representative of three independent experiments. The
corresponding primary response curve is shown in fig 4.2.

4.3.6 Cytokineprofiles

To see whether the initial interaction with IL-10 treated DCs affected the cytokine
secretion of the responding T cells as well as their proliferation, T cells were

recovered and restimulated with PMA and ionomycin in the presence of a Golgi
block. Their cytokine patterns were then assessed by intracellular staining. T cells
stimulated by LPS DCs predominantly produced IFNy and expressed little IL-4 or

IL-10 (fig 4.6), in keeping with the IL-12 made by these DCs (see fig 3.10). T cells
co-cultured with unstimulated DCs, which expressed very little IL-12, exhibited a

Th2 profile, with a marked reduction in IFNy and increased levels of both IL-4 and
IL-10. In contrast, while the IL-12 secretion ofDCs stimulated with LPS and IL-10
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Figure 4.6 T cell cytokine profiles. DCs were harvested at day 7 of culture
and replated in medium alone, with LPS or with LPS and IL-10. After 6h
DCs were pulsed with ova peptide and mixed with DOl 1.10 CD4+ cells. 3d
later, the cells were spun through lympholyte and replated in fresh medium
containing IL-2 (see section 2.7.2). 7d after the original co-culture, cells
were stimulated with PMA and ionomycin and their cytokine expression
measured by intracellular staining and flow cytometry. All dot plots are
gated on Rl, set by forward and side scatter to include blasting lymphocytes
and shown at the top of the figure. Numbers give the percentage of gated
events falling in the top right quadrant and the y-axis mean fluorescent
intensity of these cells. Data is representative of three separate experiments.



was intermediate between that of the unstimulated and LPS-matured groups, the

responding T cells were characterised by a general cytokine deficiency. Their

expression of IFNy, IL-4 and IL-10 was well below that of either of the other groups.

4.4 Discussion

Even early after activation, despite their similarly high expression of surface MHC
and B7, DCs activated in the presence and absence of IL-10 are not equivalent. This
was demonstrated in relation to the DC in chapter 3 and is illustrated here by its
influence on the T cell response. IL-10 treated DCs stimulate only limited T cell

proliferation and the responding T cells display low levels of activation markers, are
less sensitive to restimulation and make little cytokine.

There are several possible interpretations of this data. Looking at early expression of
T cell activation markers suggested that both unstimulated and IL-10 treated DCs

prime inefficiently, leaving a significant number of unactivated, naive T cells.
Unstimulated or immature DCs are not prepared for T cell interaction. The classical

Langerhans Cell paradigm has immature DCs in the periphery physically separated
from naive T cells in the lymph node [88, 89], and some form of stimulation is

required to trigger the DC to change its chemokine receptors and migrate [398].
CCR7 expression, which controls entry to the T cell zones of secondary lymphoid

tissue, is only upregulated on mature or maturing DCs [398, 399], In addition, the
adhesion molecules, TCR ligands and costimulators that a T cell must see on an APC
in order to connect, engage and signal are all expressed at low levels on immature
DCs [7]. Maturation is associated with a ten-fold escalation of transport of new
MHCII molecules to the plasma membrane [ 104] and a further ten-fold increase in
the half-life ofMHCII once there [92], The opportunity for conversation between an

immature DC and a T cell may only be fleeting.

In contrast, IL-10 treated DCs express high levels ofMHC and B7 and yet still fail to
stimulate strong T cell proliferation. Why? What is the purpose of upregulating
these molecules if not to engage T cells? One explanation may lie in the design of
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the experiment. The 6h timepoint was identified as the peak of B7.2 expression in
IL-10 treated DCs by giving LPS and IL-10 simultaneously. If signalling through
the IL-10 receptor happens more slowly than the rapid LPS response [400] then the
first message received by the nucleus will be a direction to upregulate activation

markers, and the downmodulatory influence of IL-10 will only come later. The early
burst ofMHC and B7 would not then represent a decisive activation state but more
an inevitable consequence of cell physiology.

A more appealing explanation is that the presence ofMHC and B7 enables a

productive interaction with the T cell, but one that delivers a non-proliferative signal.
Several examples of negative signalling have been described. The best characterised
is the interaction between B7.1 and B7.2 on the APC and CTLA4 on the T cells

[401]. CTLA4 binds the B7 ligands with greater affinity than CD28 [402, 403], but
CD28 is constitutively expressed while the appearance ofCTLA4 requires T cell
activation [404] [405], The first contact is therefore between B7 and CD28,

enhancing T cell activation, driving an initial burst of proliferation but also causing

upregulation of CTLA4 and consequent termination of the T cell response [406,

407], The mechanisms used by CTLA4 to suppress T cell activation are still being
elucidated. As an alternative receptor for B7.1 and B7.2, it competes with CD28 for
the same ligands. Downstream signalling from CTLA4 uses the same

phosphatidylinositol 3-kinase (PI-3K) and serine-threonine phosphatase molecules as

required by CD28, so competition also occurs intracellularly [408], CTLA4

signalling can directly inhibit TCR signal transduction, by activating an enzyme that
removes phosphates from the ITAM motifs in the TCR complex [409]. Finally,
CTLA4 inhibits T cell progression through the cell cycle, particularly elongating S

phase [410], Engagement of CTLA4 is a positive signalling event with a negative
outcome on proliferation.

Recently new members of the B7 costimulator family have been described and some

of these too have been attributed regulatory function. B7h (also known as B7RP-1
and B7H2) is widely expressed on DCs, other APC and non-haematopoietic cells

[411,412], Its ligand, ICOS, is upregulated on T cells after activation and hence is

thought to be important in directing effector function rather than during priming
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[413], Its role in T cell regulation is less clear. Blocking ICOS costimulation during
the induction of autoimmunity exacerbates EAE [414, 415], This may reflect the
lack of Th2 polarisation thought to be encouraged by the B7h-ICOS interaction

[416], ICOS signalling has also been shown to contribute to Thl induction [417],

however, and while the EAE studies were performed in vivo, the in vitro data is

contradictory. Priming myelin specific T cells in vitro in the absence of ICOS

signalling reduced their ability to elicit EAE when transferred back into mice. This
was associated with an inhibition ofboth IFNy and IL-10 responses [418], The

discrepancy is puzzling. Two review articles have suggested that it indicates a role
for ICOS costimulation in the induction of regulatory T cells in vivo [419, 420].

Perhaps more exciting are the molecules PD-L1 (also known as B7H1) and PD-L2

(also called B7DC), both expressed on DC and both shown to interact with PD-1 on

the T cell [421, 422], Stockl et al. recently described the use of anti-PDLl blocking

antibody to manipulate T cell responses. While IL-10 treated DCs induced T cell

anergy, coating these DCs with anti-PDLl restored proliferation (Stockl, 2002, ENII

conference, Lez Embiez, France). This is strong evidence that the T cell response to

IL-10 treated DCs is not simply due to a lack of costimulation. Screening these DCs
for expression of B7 homologues and other inhibitory signals would be very

interesting.

Analysis of DC cytokines other than IL-12 and IL-10 might also be revealing.
TNFa, IL-6, IL-1 (3 and IL-2 are all released from classically activated DCs and are

therefore good candidates for a missing signal from IL-10 treated DCs [423, 424],
IL-2 is particularly significant because one of the defining characteristics of T cell

anergy is the inability to transcribe IL-2 [425]. Addition of exogenous IL-2 has been
shown to overcome anergy in vitro [426]. This has two important implications. It

may explain why my demonstration of "hyporesponsiveness" was somewhat muted.
The T cells from IL-10 DCs did show a reduced proliferation in response to

rechallenge, and their cytokine expression was limited, but particularly in a

transgenic system where almost all the T cells are of a single specificity, a whole

population effect would have been more convincing. In both types of restimulation

assay, however, exogenous IL-2 was added to the T cell cultures (see section 2.7.2).
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This may have undermined any ability of the DC to induce anergy, and a comparison
of cultures with and without IL-2 would have been useful. The importance of IL-2
also questions the relevance of this type of anergy to peripheral tolerance in vivo,
however. If the IL-2 produced during any normal immune response could trip

anergic, self-reactive T cells into action, then it is surprising that more of us do not

suffer autoimmunity.

Functional inactivation has found favour once again with the current interest in

regulatory cells [297, 302], CD25+ regulatory cells are naturally selected in the

thymus and form 5-10% of circulating peripheral T cells [427]. Thymectomy of 3

days old mice, before CD4+ CD25+ cells have emerged into the periphery, leads to

widespread autoimmunity [428, 429]. Pathogens have also been reported to subvert
DC function to generate inhibitory T cells [112], This is not only a cunning survival

strategy for the pathogen, it also has considerable potential for therapeutic

exploitation. The induction of a regulatory T cells by IL-10 treated DCs is an

attractive idea. The difference in proliferation between restimulated T cells from IL-
10 treated and LPS-matured DCs could just be the difference between a primary and
a secondary response, if the original lack of T cell stimulation by the IL-10 treated
DCs was a failure to prime, but it could also represent the limited proliferation seen

in anergic [391] and regulatory T cell populations [317]. The use ofCFSE staining

may have been enlightening here, since unlike 3H-thymidine, CFSE can distinguish
between few cells dividing normally and many cells dividing only once.

The limited rechallenge response of T cells stimulated by IL-10 treated DCs was also
characterised by reduced cytokine production. The difference in the T cell reactions
to unstimulated and IL-10 treated DCs here was interesting: while unstimulated DCs

gave rise to a Th2 biased profile, IL-10 DCs elicited little T cell cytokine of either

type. Do the IL-10 DCs make enough IL-12 to prevent the outbreak of a Th2

response but too little to drive a strong Thl differentiation? Is that sufficient to make
them suppressive? Figure 4.3 suggests not, since supplementing IL-10 treated DCs
with exogenous IL-12 does not enhance their T cell stimulation, but T cell function

may not be a direct correlate of proliferation. Importantly, the T cells recovered
from cultures with IL-10 treated DCs did not secrete high levels of IL-10, despite the
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association between this cytokine and inhibitory T cells [317]. Limited cytokine

production is a feature of anergic T cells, however [289, 296],

The real need here is for some functional assessment of the recovered T cells.

Testing for suppressive action by titrating them into another proliferation assay

would reveal much about their phenotype. It may be that several rounds of
restimulation in vitro are needed to generate a truly inhibitory population [317, 329].

This is the mixed blessing of in vitro data: the systems are simple, offering exact

control of variables and the potential to tease apart complex mechanisms. As a

consequence, though, the culture conditions used have a major influence on the
results obtained. Although enlightening, their relevance to physiology can be
debatable. To address this, it was decided to establish an adoptive transfer system to

test the different DC phenotypes in vivo.
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Chapter 5 - The T cell response to IL-10 DCs in vivo

5.1 Introduction

The ability to generate substantial numbers of dendritic cells from bone marrow or

blood-borne precursors [335, 347, 358] made therapeutic application an exciting

possibility [430, 431], Early experiments exploited the potent immunogenicity of
mature DCs to augment vaccination regimes [432] and boost anti-tumour responses

[433, 434], DCs are multifunctional cells, however, capable of directing a variety of
T and B cell responses [10, 435], In vitro manipulation before injection offers the

potential to deliberately engineer the outcome of an immune response. Data

presented in chapters 3 and 4 suggest that DCs stimulated in the presence of IL-10

rapidly acquire an active phenotype that fails to elicit strong T cell proliferation.
This chapter begins to assess their therapeutic promise by asking first whether IL-10
treated DCs can limit T cell expansion in vivo as shown in vitro, and second whether
this initial DC:T cell interaction has any lasting consequence for T cell activity.

The first experiment was theoretically simple: I wanted to activate DCs with LPS
alone or with LPS and IL-10, pulse both populations with antigen and inject them
into mice, allowing them to interact with T cells in vivo. The difficulty with this

approach lay in detecting the response. The frequency of T cells of any given

specificity is extremely low in a wildtype animal; Tse et al. estimated that T cells of
a single specificity make up less than '/iooooo of the circulating pool, rising to only
'/ioooo even after immunisation [436], To analyse 1000 of these T cells would

n

require a starting population of -1x10 cells for each data point, the equivalent of the

draining lymph node cells from one immunised mouse [437], One of the attractions
of TCR transgenic mice, then, is that they have T cells of almost entirely a single

specificity. In DOl 1.10 mice, approximately 75% ofT cells express both chains of
the transgenic receptor [334, 438]; in DOl 1.10 mice on a Rag"/_ or a SCID
background, preventing endogenous rearrangement of the TCR-Va chain, the figure
is almost 100% [439]. Immune responses are not made any easier to detect,
however. Intact TCR transgenic mice respond very poorly to attempts to induce
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either immunity or tolerance [195, 440], The overwhelming frequency of responsive
T cells appears to inhibit normal development of immune responses.

Marc Jenkins and colleagues devised a clever compromise. By transferring a limited
cohort of DOl 1.10 T cells into a wildtype BALB/c recipient, they achieved a

situation where -0.5% of T cells in the lymph nodes carried the transgenic specificity

[195, 437, 439], This is still above a typical baseline for peptide-specific responses,

but it is not dissimilar to the frequency of alloreactive T cells in a normal individual

[441] and, crucially, it allows the development of both immunity and tolerance [195],
One of the key advantages of this adoptive transfer system is the availability of a
monoclonal antibody, KJ126, which specifically recognises the transgenic TCR of
DOl 1.10 mice [442], Using KJ126, both flow cytometry and immunohistochemistry
can be exploited to follow the progress of an immune response in vivo [195, 443,

444], In the experiments presented here, DOl 1.10 transfers were used to examine
the responses generated by DCs stimulated in the presence or absence of IL-10. The
T cell expansion triggered by IL-10 treated DCs was shown to be smaller than that
induced by DCs activated by LPS alone, mirroring the differences seen in vitro in

chapter 3. This initial contact with IL-10 treated DCs in vivo also appears to render
T cells hyporesponsive to subsequent antigenic challenge.

5.2 Approach

A DOl 1.10 adoptive transfer system was established, working largely from Jenkins's

published protocols [195, 439] with DC immunisation procedures adapted from
Pulendran et al. [166] and Maldonado- Lopez et al. [152], To examine the

performance of the different DC phenotypes, DCs were harvested after 7 days of
culture and stimulated for 6h with LPS or LPS+IL-10. The cells were washed,

pulsed with ova peptide, washed again and injected into mice that had been

adoptively transferred 24h earlier with a cohort of DOl 1.10 T cells. The

experimental outline is illustrated in fig 5.1. Mice were either killed at day 5 after
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Figure 5.1 Experimental outline. An adoptive transfer system was established in which
Balb/c mice received a cohort of DO 11.10 TCR Tg T cells before being immunised with
different DC populations, each coated with ova peptide. The mice were either sacrificed
after five days or rechallenged in vivo and sacrificed at day 17. Their response to ova was
measured by recording any expansion of the DO 11.10 population and assessing its ability
to respond to ova peptide in vitro.



priming to assess T cell expansion at the peak of the primary response, or left intact
and instead rechallenged in vivo on day 7. This second immunisation was given as a

duplicate shot of LPS-activated DCs or as a s.c. injection of peptide in CFA, and in
both cases peak expansion of the secondary response was measured 3 days later, on

day 10. Some mice were kept until day 17 and their spleen or lymph node cells then
restimulated in vitro.

5.3 Results

5.3.1 DO11.10 T cells before and after transfer

To identify a convenient source of transgenic T cells, an initial comparison was made
of adoptive transfers of either unseparated lymph node cells or CD4+ enriched

splenocytes. The lymph nodes ofDO 11.10 mice were collected, pooled and

immediately prepared for injection. Spleens from the same animals were lysed of
red blood cells and depleted ofCD8+ and MHCII+ contaminants by magnetic

separation (see section 2.4.2). The purities of the two preps are illustrated in fig 5.2.

Both populations were transferred into wildtype BALB/c recipients by i.v. injection
into the tail vein. Two concentrations ofCD4+ splenocytes were used. The
transferred mice were sacrificed 24h later and their spleens and lymph nodes (pooled

popliteal, inguinal, brachial, axillary and cervical) examined by flow cytometry (figs
5.3 and 5.4). While the percentage of CD4+ KJ126+ cells in an untransferred
BALB/c mouse was undetectable, each of the transfer recipients displayed a small
but distinct double positive population. The transfer had worked.
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Figure 5.2 T cell purity before transfer. DO11.10 T cells were prepared for
transfer either by pooling lymph nodes or by depleting splenocytes of CD8+ and
MHCII+ contaminants with a MACS column. A sample was taken from each, stained
with antibodies against CD4, CD8 and CD 19 and analysed by flow cytometry.
Forward and side scatter characteristics were used to define live cells, and the
numbers give the percentage of these cells which fall within the marker shown.
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Figure 5.3 Detecting DO11.10 cells 24h after transfer, in the spleen. Mice received an
adoptive transfer of different numbers of either lymph node cells or CD4+ enriched
splenocytes. 24h later, their spleens were harvested, stained and analysed by flow cytometry.
The numbers give the percentage of KJ126+ cells within the CD4+ population, using a live
lymphocyte gate (R2) set on forward and side scatter characteristics as indicated at the top of
the figure. The two plots represent the two mice in each group.
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Figure 5.4 Detecting DO11.10 cells 24h after transfer, in the lymph nodes. As in
figure 5.3, mice received an adoptive transfer of either lymph node cells or CD4+
enriched splenocytes and were sacrificed 24h later. Peripheral lymph nodes were
collected, pooled and analysed by flow cytometry. The numbers give the percentage of
KJ126+ cells within the CD4+ population, using a live lymphocyte gate (R2) set on
forward and side scatter characteristics and shown at the top of the figure. The two
plots represent the two mice in each group.
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While the crude lymph node prep contained a lower percentage of CD4+ cells

(61.3% ± 2.3, n=4) than the purified splenocytes (80.7% ± 3.0, n=5)(fig 5.2), the
time needed to harvest and prepare the LNCs was considerably shorter. This had an

edge of convenience, but it also meant that the cells were fresher and probably
healthier when transferred into the recipient mice. The protocol of transferring 5xl06
LNCs into each recipient was therefore used in all subsequent experiments.

5.3.2 Without immunisation, survival of transferred cells is limited

To assess how long the transferred cohort ofDO11.10 T cells lasted in the intact
BALB/c host, mice were adoptively transferred with DO11.10 LNCs and killed at

various limes afterwards (fig 5.5). Early experiments had suggested that the
transferred population was stable during the first 48h after transfer and indeed, the

percentages seen 24h after the transfer of 5x106 cells (although splenocytes rather
than LNCs) in figs 5.3 and 5.4 are below those given for day 3 in fig 5.5. After day

3, however, this stability waned and the transgenic population declined steadily,

becoming almost undetectable by day 28 post transfer. This was also reported by
Jenkins and colleagues [437] and is probably due to homeostatic competition with

Figure 5.5 Loss of transferred T cells over time. DO 11.10 lymph node cells were
transferred into Balb/c recipients and two mice sacrificed at various times afterwards. The
number ofKJ126+ cells in their spleen and peripheral lymph nodes was measured by flow
cytometry and is expressed as the percentage of live CD4+ cells in each tissue. Data is
shown as the mean of the two samples at each timepoint.
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Figure 5.6A DO11.10 expansion in response to DC immunisation. DOl 1.10 LNC
were transferred into mice 24 hours before immunisation with PBS, LPS-activated DCs
or LPS-activated DCs pulsed with ova peptide. 5 days after immunisation, the mice
were sacrificed and the percentage of DOl 1.10 cells in their spleens measured by flow
cytometry. The raw data is shown here. The numbers give the percentage of KJ126+
cells within the CD4+ population, using the live cell gate shown at the top of the figure.
The two plots represent the two mice in each group.
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Figure 5.6B DO11.10 expansion in response to DC immunisation. These graphs
illustrate the raw data shown in fig 5.6A, together with equivalent data from the lymph
nodes of the same mice. The y-axis values give the percentage of KJ126+ cells within the
live CD4+ population, and each point represents an individual mouse.

normal BALB/c T cells emerging from the thymus [445]. Practically, it meant that

any immunisation of adoptively transferred mice had to be done within 48-72h of the
initial transfer.

5.3.3 DC immunisation expands the transferredpopulation

To confirm that DC immunisation could elicit an antigen specific immune response,

immature DCs were harvested at day 7 of culture and stimulated with LPS for 6h.
Half the cells were then pulsed with ova peptide and halfmaintained in medium
alone. The two populations were injected i.v. into mice that had been adoptively
transferred with DOl 1.10 LNCs 24h earlier. The mice were sacrificed 5 days later
and the percentage of CD4+ KJ126+ transgenic cells in their spleens and lymph
nodes measured by flow cytometry. The raw data is shown in fig 5.6A and
summarised in fig 5.6B. In both tissues, there was a clear and antigen specific

expansion of the DOl 1.10 cells in response to the peptide-loaded DCs. Mice
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receiving unpulsed DCs and those mock-injected with PBS displayed a low level of
KJ126 staining consistent with unimmunised transfers 6d after delivery of the T cells

(see fig 5.5).

5.3.4 Theprimary response peaks at day 5

Pulendran et al. [166] and Maldonado-Lopez et al. [152] recommended measuring
the immune responses triggered by antigen-loaded DCs 4-5 days after immunisation.

Figure 5.7 confirmed that day 5 also caught the peak of the primary response in the
DC-immunised adoptive transfers used here. The data also revealed an interesting

disparity between the two lymphoid tissues studied. Systemic administration of

antigen-loaded DCs induced more extensive expansion of the DO11.10 population in
the spleen than in the lymph nodes (figs 5.6 and 5.7).

spleen

lymph node

4 6

Days after immunisation

Figure 5.7 The primary response peaks at day 5. Adoptive transfers were immunised
with LPS-activated DCs pulsed with ova peptide and two mice sacrificed at 3, 5 and 7
days later. The number of KJ126+ cells in their spleen and peripheral lymph nodes was
measured by flow cytometry and is expressed as the percentage of live CD4+ cells in each
tissue. Data is shown as the mean of the two samples at each timepoint.
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5.3.5 IL-10 treated DCs stimulate limited T cell expansion in vivo

Having established that DO 11.10 T cells could be transferred successfully and would

respond to ova peptide, I wanted to test whether DCs activated by LPS in the

presence of IL-10 would generate the same degree of T cell expansion as DCs given
LPS alone. Both DC populations were stimulated for 6h, pulsed with ova peptide
and injected i.v. into mice adoptively transfered with DO 11.10 LNCs 24h earlier.
The percentage ofCD4+ KJ126+ T cells in their spleens was measured 5d later by
flow cytometry. Unstimulated DCs induced a moderate T cell response, but

activating them with LPS significantly enhanced the T cell expansion (P<0.0001, fig

5.8). When the LPS was given together with IL-10, this increase disappeared

(P=0.03, fig 5.8). This is very similar to the effect of IL-10 treated DCs seen in vitro

(compare with fig 4.2).
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Figure 5.8 IL-10 treated DCs stimulate a limited T cell response in vivo. Mice received an
adoptive transfer of DO 11.10 LNC 24h before being immunised with unstimulated DCs
(medium alone), DCs activated with LPS for 6h or DCs stimulated with LPS in the presence of
IL-10, all pulsed with ova peptide. As negative controls, mice were included that had been
immunised with DCs not pulsed with antigen and that had been mock-injected with PBS alone.
Mice were sacrificed 5 days after immunisation and the number of KJ126+ cells in their
spleens measured by flow cytometry. Data is expressed as the percentage of KJ126+ cells
within the live CD4+ population and each point represents an individual mouse. The graph is
representative of seven independent experiments, each using 4-5 mice per group. *, P = 0.044;
**. P = 0.031; ***, P < 0.0001; using an unpaired students t-test on data compiled from all
experiments.
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5.3.6 Backgroundproliferation

As in vitro, the limited T cell expansion generated by IL-10 treated DCs could reflect
either inefficient priming or an active suppression of the T cell response. To

distinguish the two possibilities, mice that had received an adoptive transfer of
DOl 1.10 LNCs were immunised with the different DC populations and their spleens
harvested at day 5, the peak of the primary response, and restimulated in vitro.

Unfortunately proliferation in these cultures proved resoundingly non-specific: there
was no reduction in counts as the ova peptide was titrated out and even wells without

peptide scored upwards of 70000 cpm (fig 5.9A). Importantly, the spleens of mice

given mock injections of PBS proliferated very little while those from mice
immunised with unpulsed DCs showed the same high background as the three

experimental groups. This suggested that the problem was not an isolated feature of
the in vitro culture, but more likely a secondary response to another antigen

unwittingly loaded onto the DCs alongside the ova peptide.

Serum antigens were obvious candidates, especially as the emergence of high

background proliferation coincided with a change in serum supplier. Despite
extensive investigation of the batch variability of commercial mouse serum, though,
the explanation remained elusive. Mismatching the sera and even the media used for
the preparation of the DCs with that involved in the restimulation culture was

unsuccessful. There was no evidence of superantigen contamination of media or
other reagents and indeed simple in vitro proliferation assays with DOl 1.10 T cells
remained ova-dependent. One possibility was that the tail vein injection of

transgenic T cells just 24 hours before delivering DCs into the same site created a

damaged or inflammatory environment that at least contributed to the unexpected

response. Fig 5.9B suggests otherwise. These mice were immunised without any

prior adoptive transfer and yet their background proliferation remained high. The
extent of the problem was illustrated by CFSE labelling of the restimulation cultures

(fig 5.10). Two colour staining with KJ126 allowed the ova-specific DOl 1.10 cells
to be distinguished from the BALB/c majority, and neatly demonstrated that while
both the expansion of the DOl 1.10 cells in vivo and their division in vitro required
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ova peptide, this response was dwarfed by the massive proliferation of the KJ126-

population.
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Figure 5.9 High background proliferation. (A) Mice received an adoptive transfer of
DOl 1.10 LNCs and were immunised 24h later with DCs pulsed with ova peptide. Their
spleens were harvested 5d after immunisation and plated in vitro with graded doses of
antigen. (B) Wildtype mice were immunised with DCs without any prior adoptive
transfer. Their spleens were harvested at day 5 as above. In both cases, proliferation
was measured by 3H-thymidine incorporation during the last 16h of a 3d culture. Data
is shown as the mean of triplicate wells ± SEM and the two lines per immunisation
represent the two mice per group.
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Figure 5.10 Non-specific proliferation illustrated by CFSE staining. Mice received
an adoptive transfer of DO 11.10 LNCs and were immunised 24h later with LPS-
stimulated DCs either coated with ova peptide or left without antigen. Their spleens
were harvested 5d after immunisation and labelled with CFSE before being cultured in
vitro for a further 4 days. These cells were counterstained with KJ126-PE and their
fluorescence assessed on a flow cytometer. Dividing DOl 1.10 cells fall into the top left
quadrant.

5.3.7 Restimulation at day 5

The problem of high background proliferation in in vitro restimulation cultures was

surprisingly solved by moving the mouse serum from the freezer to the fridge for
routine storage. The beauty of the peptide dependent responses seen at last in fig
5.11 therefore masked the disappointing similarity of the experimental groups. Mice
that had been adoptively transferred with a cohort ofDOl 1.10 LNCs were

immunised with DCs that were attempted in figure 5.9, adoptive transfers had been
immunised with DCs that were either unstimulated, activated with LPS or treated

with LPS and IL-10 together. Their spleens were harvested at day 5 and cultured
with peptide. Both the PBS and unpulsed DC controls were negative, but all three
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Figure 5.11 Ex vivo restimulation at day 5. Mice received an adoptive
transfer of DO11.10 LNCs 24h before being immunised with untreated DCs,
LPS-activated DCs or DCs stimulated with LPS+EL-10, all coated with ova

peptide. Mice that received an adoptive transfer but were immunised with LPS-
activated DCs without antigen or a mock-injection of PBS were included as
negative controls. Mice were sacrificed 5d after immunisation and their spleens
pooled within groups and plated for in vitro culture with graded doses of ova
peptide. Proliferation was measured by 3H-thymidine incorporation during the
last 16h of a 3d culture and data is shown as the mean of triplicate wells ± SEM.
The graph is representative of two independent experiments, each with 5 mice
per group.

DC treatments resulted in equivalently strong in vitro recall responses. Given the

higher percentage ofDO 11.10 T cells found in the spleens ofmice immunised with
LPS-activated DCs on day 5 (see fig 5.8), their proliferation per KJ126+ cell at this

stage was in fact lower than that achieved by either unstimulated or IL-10 treated

5.3.8 Secondary expansion in vivo is small

The similarity of the proliferation curves in fig 5 .11 was perplexing. While it was

certainly possible that the limited T cell expansion generated by IL-10 treated DCs
was due to inefficient priming, leaving the majority of the DO11.10 cells as fully

DCs.
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capable of responding to antigenic challenge as any other naive population, I still

expected immunisation with LPS DCs to result in a stronger, secondary-type

response to the in vitro restimulation. This was not the case. One possible

explanation was that by harvesting and restimulating the spleens at the peak of the

primary response, the T cells activated by the DC immunisation were left refractory
to the second stimulation. The proliferation seen in fig 5.11 might then be a primary

response ofDOl 1.10 cells left unactivated by the original, in vivo challenge.

To address this, the time between primary and secondary challenge was increased

and, importantly, the restimulation was also delivered in vivo. Mice that had been

adoptively transferred with DOl 1.10 LNCs were immunised with DCs that had been
cultured in medium alone, with LPS or with LPS and IL-10 together. 7 days later, all
three groups were reimmunised with LPS-activated DCs. To measure their T cell

expansion in response to the second challenge, mice were either sacrificed or bled 3

days later, on day 10. The percentage ofDOl 1.10 cells in their CD4+ pool was
assessed by flow cytometry, and the result is shown in fig 5.12. Mice that were
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Figure 5.12 T cells show little expansion to secondary challenge in vivo. Adoptive transfers were
immunised with untreated DCs, LPS-activated DCs or DCs stimulated with LPS+IL-10, all coated with
ova peptide. Transfers receiving LPS-activated DCs without antigen were included as a negative
control. Seven days later, mice were rechallenged with LPS-activated DCs pulsed with peptide. The
negative control group again received DCs without antigen (No Ag), and a positive control group was
set up with an adoptive transfer 24h before being given only the same LPS DC + ova 'rechallenge'as
the experimental mice (Rechallenge only). Mice were sacrificed 3d after rechallenge,on day 10 of the
experiment, and the number of KJ126+ cells in their spleens measured by flow cytometry. Data is
expressed as the percentage of KJ126+ cell within the live CD4+ population and each point represents
and individual mouse. The graph is representative of five independent experiments, each using 4-5
mice per group. There is no significant difference between any of the experimental groups, using an
unpaired students t-test.
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immunised twice with unpulsed DCs illustrated the background level of DO 11.10

chimaerism established by the adoptive transfer. The positive control group, animals
that were given the second round of LPS-stimulated DCs as a primary challenge,
showed some T cell expansion but at only 3 days after immunisation, they were still
in the early stages of their response. In contrast to the large secondary expansion I

had anticipated from at least those immunised with LPS DCs, all three experimental

groups showed very little increase above background. Although initially surprising,
this inhibition of secondary proliferation was also reported in the original description
of the adoptive transfer technique [195] and has recently been shown to be imposed

by external factors, perhaps persisting antigen, within the immunised host [383],

5.3.9 Restimulation at day 17

To overcome the lack of T cell expansion, Merica et al. recommended measuring

responses to in vivo rechallenge by purifying the DO 11.10 population and re-

transferring them into a fresh, unimmunised host [383]. As an alternative approach,
here the experimental mice were kept until day 17, lOd after the second DC

injection, and then their spleens taken for in vitro restimulation. The delay until day
17 ensured that the DOl 1.10 expansion had returned to baseline in all groups (fig

5.13A), and was designed to avoid any refractory behaviour from the responding T
cells. The resulting proliferations are shown in fig 5.13B. Differences between the

groups were small, but on the two separate occasions that the experiment was

performed, splenocytes from mice originally immunised with IL-10 treated DCs

proliferated less than those from mice given either unstimulated or LPS-activated
DCs. The initial interaction with DCs stimulated in the presence of IL-10 appeared
to inhibit the T cell response to subsequent challenge.

This result was even clearer when the in vivo rechallenge was given as a s.c. injection
of peptide in CFA, in place of the second dose of antigen-loaded DCs (fig 5.14). As

above, adoptive transfers were immunised with the different DC populations,

rechallenged on day 7 and sacrificed on d 17. Cells from the lymph node which
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Figure 5.13 In vivo rechallenge with LPS DCs. As in figure 5.10, adoptive transfers were
immunised with untreated DCs, LPS-activated DCs or DCs stimulated with LPS+IL-10, all
coated with ova peptide, and rechallenged 7d later with LPS DCs pulsed with peptide. The
positive control group (Rechallenge only) received an adoptive transfer 24h before being given
the same DC + ova as the experimental mice. The negative controls (No Ag) were given LPS
DCs without antigen at both immunisation and rechallenge. Mice were sacrificed lOd after
rechallenge, on day 17 of the experiment. (A) The number of KJ126+ cells in their spleens was
measured by flow cytometry. Data is expressed as the percentage of KJ126+ cell within the live
CD4+ population and each point represents an individual mouse. There is no significant
difference between experimental groups, using an unpaired student's t-test. (B) The remaining
splenocytes were pooled within groups and plated for in vitro culture with graded doses of ova
peptide. Proliferation was measured by 3H-thymidine incorporation during the last 16h of a 3d
culture. Data is shown as the mean of triplicate wells ± SEM. Both panels are representative of
two independent experiments, each using 4-5 mice per group.
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Figure 5.14 In vivo rechallenge with peptide in CFA. Adoptive transfers were
immunised with untreated DCs, LPS-activated DCs or DCs stimulated with LPS+IL-10,
all coated with ova peptide, and rechallenged 7d later with ova in CFA. The positive
control group (Rechallenge only) received an adoptive transfer 24h before being given
the same ova in CFA as the experimental mice. The negative controls (No Ag) were
given LPS DCs without antigen at immunisation and PBS in CFA at rechallenge. Mice
were sacrificed lOd after rechallenge, on day 17 of the experiment. (A) The number of
KJ126+ cells in the draining lymph nodes was measured by flow cytometry. Data is
expressed as the percentage of KJ126+ cell within the live CD4+ population and each
point represents an individual mouse. There is no significant difference between
groups, using an unpaired student's t-test. (B) The remaining lymph node cells were
pooled within groups and plated for in vitro culture with graded doses of ova peptide.
Proliferation was measured by 3H-thymidine incorporation during the last 16h of a 3d
culture. Data is shown as the mean of triplicate wells ± SEM. Both panels are
representative of two independent experiments, each using 4-6 mice per group.



drained the site ofCFA injection were stained to measure the percentage of DO 11.10
T cells present and plated with peptide to assess their proliferative response to

restimulation. Again the T cell expansion triggered by the in vivo rechallenge was

limited (fig 5.14A), but this had the advantage of ensuring a similar number of

transgenic T cells in each well of the restimulation assay. Lymph node cells from the
different groups of mice showed distinct proliferative responses, however (fig

5.14B). LNCs from adoptive transfers first immunised with LPS activated DCs

proliferated strongly, typical of a primed response. Those from transfers immunised
with unstimulated DCs also responded strongly; the discrepancy between this and
that of the LPS DCs might be explained by the slight difference in percentage of
DO 11.10 cells present (see fig 5.14A). Importantly though, very little proliferation
was achieved by LNCs from mice first given DCs stimulated with LPS and IL-10

together. These DCs clearly inhibited subsequent T cell responses.

5.3.10 Restimulation in bone marrow chimaeras

Although still in need of repetition, the data shown in figs 5.13 and 5.14 together

suggest that immunisation with DCs activated in the presence of IL-10 can be
sufficient to tolerise a cohort of specific T cells in vivo. An exciting question was

then whether these T cells were simply inactivated, perhaps anergised, or whether an
active suppression was involved. One way to address this would be to purify the

non-proliferative T cells, transfer them into a fresh BALB/c host at the same time as

another cohort of nai've DOl 1.10 LNCs, and test whether they can inhibit expansion
of the nai've cells. An alternative approach, and the one adopted here, is to immunise
and rechallenge a group of mice that are chimaeric for the DO 11.10 transgene at the
level of their bone marrow rather than just in the periphery, as in the adoptive
transfers. These chimaeric mice were created by lethally irradiating BALB/c

recipients before reconstituting them with a mixture of BALB/c and DOl 1.10 bone
marrow. The ratio of BALB/c to DOl 1.10 cells was chosen to ensure that 1-2% of

mature T cells carried the Transgenic TCR (Simon Fillatreau, ICAPB, University of

Edinburgh, personal communication). Because these mice are bone marrow

123



Bone marrow chimaeras

24h later...

lethal irradiation

Mixed bone marrow,
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Figure 5.15 Outline of bone marrow chimaera experiment. BALB/c hosts were lethally
irradiated and, 24h later, injected with bone marrow from both BALB/c and DO11.10 mice,
combined at a 9:1 ratio. The mice were left 8 weeks to allow reconstitution of the immune

system. They were then immunised with different DC populations, each coated with ova
peptide. 5 days later, they were rechallenged in vivo with LPS-activated DCs also pulsed with
peptide. Mice were sacrificed at day 10, and their response to ova measured in an in vitro
assay.

124



Unstimulated DCs LPS DCs

1 10 100

[ova peptide] (ng/ml)
1000 1 10 100

[ova peptide] (ng/ml)
1000

LPS+IL-10 DCs
100000

80000

60000

" 40000

20000

No Aq

1 10 100

[ova peptide] (ng/ml)

[ova peptide] (ng/ml)
1000

Rechallenae only

1000 1 10 100

[ova peptide] (ng/ml)
1000

Figure 5.16 In vivo rechallenge in bone marrow chimaeras. Chimaeric mice were created
by reconstitution of an irradiated BALB/c host with 90% BALB/c and 10% DO 11.10 bone
marrow (see section 2.10 and fig 5.15). These mice were immunised with untreated DCs,
LPS-activated DCs or DCs stimulated with LPS+EL-10, all coated with ova peptide, and
rechallenged 5d later with LPS DCs pulsed with peptide. The positive control group
(Rechallenge only) were immunised with LPS DC + ova only on day 5. The negative controls
(No Ag) were given LPS DCs without antigen at both immunisation and rechallenge. Mice
were sacrificed 5d after rechallenge, on day 10 of the experiment. Their spleens were
harvested and plated for in vitro culture with graded doses of ova peptide. Proliferation was
measured by 3H-thymidine incorporation during the last 16h of a 3d culture. Data is shown as
the mean of triplicate wells ± SEM and the two lines represent the two mice in each group.
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chimaeras, an initial injection of IL-10 treated DCs may inactivate the population of
DO 11.10 T cells present at that time but more Transgenic cells will emerge from the

thymus before administration of the in vivo rechallenge. Again, any suppression of
these naive cells would suggest an active role for the originally tolerised T cells.

Chronologically this was the first in vivo experiment performed; bone marrow
chimaeras were made routinely in the lab while the adoptive transfer system took
time to establish. As such, the timing of the successive immunisations lacked some

of the refinement later used in the experiments described above. Chimaeric mice
were immunised with DCs that were either unstimulated or activated with LPS alone

or in combination with IL-10, and then, five days later, were rechallenged with a

second injection of LPS-activated DCs. After a further five days, on day 10, the
mice were sacrificed and their splenocytes cultured in the presence of ova peptide for
an in vitro restimulation assay (fig 5.15). The results are shown in fig 5.16. As in
the adoptive transfer system, the strongest proliferation was shown by splenocytes
from chimaeras originally immunised with LPS-activated DCs. If the first
immunisation was given with unstimulated DCs, the proliferation was less

pronounced. IL-10 treated DCs resulted in a marked inhibition of the restimulation

response, leaving a level of proliferation below even that of the negative controls (fig

5.15). This suggests that DCs activated in the presence of IL-10 might be able to

induce an active suppression of the immune response. It remains very preliminary,
however. The experiment was done once with only two mice per group, and the

poverty of this approach was demonstrated by the two positive controls, only one of
which responded (fig 5.15).

5.4 Discussion

The combination ofDOl 1.10 adoptive transfers and the KJ126 monoclonal antibody

provides a powerful tool for investigating immune responses in a near-physiological

setting [437], Here the system was exploited to examine the impact of IL-10 treated
DCs on a T cell response in vivo. The data suggest that DCs activated in the

presence of IL-10 elicit a limited T cell expansion that confers a lasting suppression,
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leaving the T cells hyporesponsive to subsequent challenge. These results reinforce
those generated in vitro in chapter 4, and suggest an exciting therapeutic promise.

First, however, initial experiments confirmed that the adoptive transfer system could
work here as it does elsewhere [195, 443, 444], The original description of the

technique [195] reported a frequency of-0.5% transgenic T cells in the spleen and

lymph nodes following transfer of 2.5x106 T cells, and the percentages achieved here
were similar (figs 5.3 and 5.4). The transferred cells were shown to proliferate

strongly in response to a primary immunisation with antigen loaded DCs (fig 5.6),
but surprisingly weakly to a secondary challenge (fig 5.12). This was also detailed

by Jenkins's group [383] and it perhaps challenges a common perception that part of
the memory phenotype is an inherent propensity for rapid division upon stimulation

[446]. Merica et al. demonstrated that transferring the T cells into a naive host or

delaying the rechallenge by several weeks, presumably allowing residual

peptide:MHC complexes to disappear, resulted in a return to the slower but more

expansive proliferation typical of a primary response [383]. This was associated
with a reversion to a 'naive' surface phenotype with high levels ofCD45RB [383,

447], Their conclusion was that persistence of CD4+ mediated immunity after
elimination of the original antigen is due to the presence of both specific antibodies,
which efficiently target fresh antigen to APCs [448, 449], and an expanded

population of specific T cells, even though these share some functional
characteristics with naive cells [383, 450], This has two main implications for the
data presented here. The first is reassuring: the lack of T cell expansion seen in

response to secondary challenge is not a flaw in the system and should perhaps have
been expected. The second is intriguing: ifCD4+ T cell immunity is at least partly
due to environmental factors such as persistent antigen or specific antibodies, rather
than being an inherent property of the T cells, is the same also true ofCD4+ T cell
tolerance?

Another interesting point to emerge from these early experiments was the disparity in
the degree of expansion ofDOl 1.10 cells in spleen and lymph node, illustrated most

clearly in figs 5.6 and 5.7. The data is presented as a percentage of CD4+ cells, to
account for the different number of T cells in each tissue, so the explanation is more
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complex than this. The DCs were administered systemically, injected i.v. into the
tail vein, so the spleen is perhaps a natural destination. The transferred T cells were

delivered in the same way, however, and before immunisation there was no such
distinction between tissues. Nai've T cells express homing receptors to cany them
into lymph nodes, such as L-selectin, CD62L, which facilitates passage through high
endothelial venules [451], In contrast, the chemokine receptors on mature DC are

designed to take them into LNs from the lymph, not blood [398, 452], so systemic

delivery may well by default cause their accumulation in the spleen. Labelling the T
cells or the DCs with tracking dyes before injection would be revealing.

Although the primary T cell expansion generated by IL-10 treated DCs was

concentrated in the spleen, the inhibition of secondary responses was systemic,
evident even when the rechallenge was given as a s.c. immunisation in the thigh (tig

5.14). This presumably reflects the circulation of effector T cells. Interestingly,
while the suppression was apparent in splenic proliferation assays, it was more

pronounced in lymph node cultures (compare figs 5.13 and 5.14). Different degrees
of tolerance in spleen and lymph node have been reported elsewhere [453], but the
reason for these discrepancies is uncertain. The cellular composition of the spleen
and lymph node is quite different [454], but the predominance of B cells in the

spleen might be expected to encourage tolerance there [455, 456]. The drainage

systems that deliver antigen to the two tissues are also distinct, but again this offers
little explanation. Systemic antigens often elicit tolerance [195, 457] and many

localised, peripheral infections require strong immunity to clear them [458, 459]. It

may reflect the design of the experimental systems rather than a physiological reality,
but either way it remains puzzling.

The induction of tolerance by IL-10 treated DCs is not a new idea. Enk et al. first
described their ability to anergise a murine Thl clone in 1993 [351]. Steinbrink et al.

repeated this data using both human CD4+ [205] and CD8+ [460] cells, and more

recently the same group have attributed a suppressor function to these anergic cells

[349]. McBride et al. also used cocultures of human DCs and CD4+ T cells to
demonstrate that stimulation ofDCs in the presence of IL-10 inhibits T cell
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responses to subsequent challenge [461]. The data presented here have the
distinction of illustrating that the same suppression is possible in vivo.

The other key difference between these two sets of data is in the interpretation of the
status of the IL-10 treated DCs. All of these reports describe the effect of IL-10 as

an inhibition ofmaturation, so while their work is restricted to an in vitro setting, it
draws strength from the use of immature DCs in vivo. Dhodapkar et al. injected

autologous, immature DCs into two human volunteers and saw both the inhibition of
CD8+ cytolytic activity and the emergence of IL-10 producing CD4+ cells [325]. In

mice, immature DCs have been shown to temporarily [462] or indefinitely [463]

prolong cardiac allograft survival. The in vitro data presented in chapters 3 and 4

suggest that DCs stimulated in the presence of IL-10 are not immature, however.

They downregulate antigen uptake and rapidly increase their expression ofMHC and
B7. Even at the peak of their activation, though, IL-10 treated DCs fail to stimulate
T cell proliferation. Their activated state gives them a theoretical advantage over

immature cells: it implies a greater functional stability, and hence a smaller risk of an
unwanted immune response. Interestingly, the DCs that enabled seemingly

permanent acceptance of the murine heart transplant were generated by culture in

very low concentrations of GM-CSF [463], The stringency of these conditions
resulted in considerable apoptotic death, and the uptake of apoptotic cells by DCs has
been shown to induce an actively tolerogenic phenotype [464].

The difficulty with arguing that the suppression of T cell responses by IL-10 DCs in
vivo happens despite or even because of their high level expression ofMHC and B7,
is one of timing. In vitro, the DCs were stimulated for 6h, pulsed with peptide

antigen and immediately introduced to purified transgenic T cells (chapter 4). The

opening conversation between the DCs and responding T cells was therefore very

likely to occur while the IL-10 treated DCs were still phenotypically activated. In

contrast, the protocol used for the in vivo experiments meant that DCs were

expressing high levels ofMHC and B7 as they were injected. The time needed to
travel to secondary lymphoid tissue and then to encounter a specific T cell might
mean that, at the point ofT cell interaction, the IL-10 treated DCs had passed their

peak of activation and had begun to downregulate their surface markers (see fig 3.7).
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Labelling DCs with fluorescent dye before injection and monitoring their arrival in
the spleen or lymph nodes would allow a relevant assessment of the timing involved.
It may be surprisingly quick. Ingulli et al. injected ova peptide s.c. into the back of
mice and used microscopy to visualise physical contact between DCs that acquired
the antigen in vivo and T cells in the draining lymph node. Interaction began 6 hours
after immunisation and peaked at 12h, a time window that closely matched the

production of IL-2 by the T cells [384], Merica et al. measured IL-2 production by
na'ive DO 11.10 T cells in lymph nodes within 2h of i.v. injection of ova peptide, and
maximal levels were seen at 6h. In antigen experienced T cells, this peak occurred at

just 1.5h after injection [383]. The high levels ofMHC and B7 on IL-10 treated DCs

early after LPS stimulation may still be relevant to the in vivo experiments described
here. The absence of cytokine production by these DCs, the presence of actively

inhibitory signalling or perhaps the premature termination of T cell stimulation might

explain the lack of T cell expansion and the consequent suppression of secondary

responses observed (see figs 5.8, 5.13 and 5.14, and the discussion in chapters 3 and

4). In support, Taams et al. have demonstrated that anergic T cells can convert an

APC into one which is unable to stimulate proliferation in normal responder cells

and, importantly, that this happens without any reduction in surface levels ofMHCI,

MHCII, B7.1 or B7.2 on the APC [465],

Given that the kinetics ofDC activation are rapid (chapter 3)[117, 118], questions of

physiology and therapeutic potential perhaps need to be separated. While a 6h
stimulation may be ideal for in vitro modelling ofDC responses [382], a shorter

period might be better for in vivo application, allowing a greater window of

opportunity for interaction with specific T cells before the DCs reach exhaustion. It
would be interesting to compare the in vivo responses to DCs given LPS and IL-10
for perhaps only 30 minutes before injection, to those generated by DCs first
stimulated for 6 or even 24h. Would the suppression of subsequent T cell responses
be stronger if the DCs were delivered earlier?

The protocol for in vivo use of these DCs could be optimised on several levels. The
concentration of antigen used to coat the DCs, the number of cells injected and the
route of administration have all been reported to affect the type of immune response
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generated [466]. First, though, I wanted to confirm that IL-10 treated DCs could be
effective against pathological immune responses. A mouse model of autoimmunity
was used to examine their therapeutic potential.
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Chapter 6 - The impact of IL-10 DCs on EAE

6.1 Introduction

Most current therapies against unwanted or pathological immune responses involve

general immune suppression [467, 468], The manipulation of dendritic cells offers a

more targeted approach, potentially reducing side effects and increasing therapeutic
success. Several techniques have been used to enhance the ability ofDCs to elicit T
cell tolerance. Dhodapkar et ul. harvested human monocyte-derived DCs early to

promote their immaturity, and with them demonstrated antigen specific inhibition of
CD8+ T cell effector function [325], Min et al. transfected murine DCs with Fas

ligand and showed that responding T cells died by apoptosis. This suppressed

allogeneic responses in vitro and increased allograft acceptance in vivo [469], The

immunosuppressive functions of IL-10 [470, 471] have also made it an attractive
candidate for therapeutic manipulation. Adenoviral delivery of recombinant IL-10
into inflamed joints was able to inhibit delayed-type hypersensitivity systemically in
mice [472] and retroviral transfection of DCs in culture enabled selection of a highly

purified and suppressive DC population [473, 474], Data presented in chapter 5

suggested that DCs activated by LPS in the presence of IL-10 can limit T cell

responses in vivo. This chapter examines their therapeutic potential by asking
whether they can also suppress clinical disease.

Multiple sclerosis (MS) is caused by a T cell mediated, autoimmune attack which

destroys the myelin insulation of nerve axons [475], Saltatory conduction is lost and

patients suffer paralysis and sensual impairment [476]. Scotland has one of the

highest frequencies of the disease worldwide: prevalence in the Lothian and Borders

region was estimated in 1996 at approximately 1 in 500 [477, 478]. In mice, MS can

be mimicked in certain susceptible strains either by active immunisation with myelin

antigens in adjuvant [479, 480] or by passive transfer ofmyelin-specific T cells

[481], In both cases, the resulting disease is known as experimental autoimmune

encephalomyelitis (EAE). It is an established and well characterised model of

autoimmunity [482] in which the timing and course of disease are known and the
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assessment of symptoms is simple and non-invasive. It is an ideal system to

manipulate.

The T cell response in EAE is Thl dominated: IFNy and TNFa enhance T cell

pathogenicity [483, 484], IL-12 contributes to disease [485] and B cells can be

protective [486], Some reports have suggested that a Th2 response inhibits disease

[298, 300], but this remains controversial. Th2 cells are known to antagonise Thl

development: IL-4 prevents the differentiation of naive T cells into Thl effectors and

IL-4, IL-13 and IL-10 can suppress IFNy-induced macrophage activity [487, 488].

Expression of Th2 cytokines in the CNS correlates with EAE remission [489, 490].
IL-4 deficient mice are not any more susceptible to EAE than their wild-type
littermates [491, 492], however, and in immunodeficient hosts, myelin specific Th2
cells induce disease [493]. After comparing EAE in IL-4 and IL-10 knockout and

transgenic mice, Bettelli et al. suggested that it was the IL-10 component of a Th2

response that protects against disease, rather than a Th2 phenotype per se [492],
This is supported by a growing appreciation of the role of IL-10 dependent

regulatory cells in controlling autoimmunity [494, 495] [323], Even the importance
of IL-10 is debated, however. IL-10 deficient mice suffer accelerated disease and

fail to recover [492, 496]. In rats, s.c. injection of recombinant IL-10 suppressed
disease [497], In mice, adenoviral expression of IL-10 in the CNS blocked EAE

induction, but systemic delivery was ineffective [498]. Repetitive injections not only
failed to protect but markedly worsened disease [499].

While the involvement of IL-10 in the pathogenesis of EAE is complex, targeting its
action to a specific time or place may still have considerable therapeutic power [498,

500], In this chapter, IL-10 treated DCs are shown to be effective suppressors of
EAE when injected either before or after induction of disease. The data are yet

preliminary, but the effect is promising.
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6.2 Approach

These experiments used a model ofEAE in which disease is actively induced in
C57B1/6 mice by immunisation with the immunodominant epitope ofmyelin

oligodendrocyte glycoprotein (MOG35.55 peptide). It was first described by Mendel
et al. in 1995 [480] and is routinely used in Edinburgh by Steve Anderton and

colleagues [327], Disease was triggered by s.c. immunisation with MOG35.55
emulsified in CFA on day 0 of the experiment. Pertussis toxin was injected i.p., both
on day 0 and again on day 2. The pertussis toxin functions as an additional adjuvant

[501] and acts directly on the blood-brain barrier to allow leukocyte entry to the CNS

[502, 503]. Mice showed a monophasic disease with onset of symptoms around day
9 and recovery for most mice by day 28. Mice were checked daily and scored

according to the severity of their paralysis:

grade 0 = healthy

grade 1 = limp tail

grade 2 = impaired righting reflex

grade 3 = partial hind limb paralysis

grade 4 = total hind limb paralysis

grade 5 = total hind limb and partial fore limb paralysis

grade 6 = moribund or dead

To investigate the influence of IL-10 treated DCs on clinical disease, DCs were

grown from C57B1/6 bone marrow progenitors and harvested at day 7 of culture.
Cells were washed, stimulated with LPS and IL-10 for 6h, pulsed with MOG35-55 for
90min and injected i.v. into C57B1/6 hosts. This was done three times, either 7, 5
and 3 days before the same mice were immunised to induce EAE, as suggested by

Menges et al. [Ill], or on days 0, 2 and 4 after immunisation. Mice were then
monitored for the duration of disease before being sacrificed. Their spleens and

inguinal lymph nodes, the nodes draining the s.c. site of immunisation, were
harvested and cultured with MOG35.55 to assess their in vitro recall responses. The

experimental outline is illustrated in fig 6.1.
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EAE experiments

Day -7

Day -5

Day -3

Day 0

Day 2

IL-10 DCs + MOG35-55

IL-10 DCs + MOG35-55

IL-10 DCs + MOG35-55

MOG35_55 in CFA s.c.

plus pertussis toxin i.p.

Pertussis toxin i.p.

Days 7 to ~30

Day ~30

Autoimmune response

I
Clinical scoring of disease

In vitro restimulation assays

Figure 6.1 Experimental outline. A model of EAE was used to investigate whether
IL-10 treated DCs could inhibit autoimmune disease. DCs were injected three times,
normally 7, 5 and 3 days before EAE was induced by immunisation with MOG35.55
peptide and adjuvant. Disease became apparent around day 9. Mice were checked daily
from day 7 and graded according to the severity of their paralysis.
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6.3 Results

6.3.1 1L-10 treatedDCs limit the severity ofEAE

To determine whether the ability of IL-10 treated DCs to suppress T cell proliferation
in vivo (see fig 5.14) extended to an inhibition of pathogenic T cell activity, DCs
were stimulated with LPS and IL-10 before being pulsed with MOG35.55 and injected
into mice that were later immunised to induce EAE. DCs were given 7, 5 and 3 days
before immunisation. Their effect on the development of disease is illustrated in fig
6.2. Mice that were mock-injected with PBS showed a typical disease course, with
clinical symptoms becoming apparent 8-9 days after immunisation, reaching
maximum severity around day 14 and then steadily healing. Mice that received IL-
10 treated DCs pulsed with MOG35-55 appeared to be protected from disease. The

severity of their symptoms was reduced below that of the PBS controls, and their

recovery was accelerated. Unexpectedly, a similar suppression of disease was also
achieved with IL-10 treated DCs that had not been deliberately coated with peptide

(fig 6.2).

Figure 6.2 Pretreatment with IL-10 DCs suppresses EAE disease. DCs were harvested at day
7 of culture, stimulated in the presence of IL-10 and pulsed (IL-10 DCs + MOG) or not (IL-10
DCS alone) with MOG35.55. The DCs were injected into mice 7, 5 and 3 days before they were
immunised to induce EAE. The severity of disease was recorded daily using a discrete clinical
scoring system where grade 0 is healthy and grade 6 is moribund (see Materials and Methods,
chapter 2). The data is shown as the mean score within each group, ± SEM. For the PBS controls,
77=7; for IL-10 DCs + MOG, n=5, for IL-10 DCs alone, tt=3. The disease burdens for both DC
groups were significantly less severe than that of the PBS controls (P=0.0001 for both groups,
using the Mann Whitney rank sum test). This experiment was performed twice; the repeat is
illustrated in figure 6.6.
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6.3.2 In vitro restimulation responses

Recovery from EAE has been associated with expression of the cytokines IL-4 and
IL-10 [492, 504], To test whether the suppression of disease seen in fig 6.2
correlated with a Th2 bias, lymph node and spleen cells were harvested from these
mice and their proliferation and cytokine production measured in response to

restimulation in vitro. In keeping with the milder paralysis that they experienced,
cells from mice that had received IL-10 treated DCs either with or without antigen

proliferated less when rechallenged with MOG35.55 than those from control mice (fig

6.3). This was clear both in lymph node and spleen but again, there was little
difference between the two DC groups.

The lack of proliferation seen in restimulation cultures from mice given IL-10 DCs
could reflect either a smaller in vivo T cell expansion, leaving fewer specific T cells
in each well of the in vitro assay, or an initially equivalent expansion that, perhaps

through anergy or suppression, displays reduced proliferation on restimulation.

MHC:peptide-tetramer technology (reviewed in [505]) may soon be able to

distinguish the two possibilities directly, but for now, some direction can perhaps be
taken from the cytokine profiles of the cultures (fig 6.4). Cells from control mice
secreted IFNy but little IL-4, consistent with a Thl mediated disease [483, 484],

although interestingly the splenocytes also produced some IL-10. Cells from mice
that received IL-10 DCs secreted less IFNy but without any concomitant increase in

IL-4 production and, if anything, a loss of IL-10. The explanation for their reduced

severity of disease does not appear to be a Th2 skew. The general lack of cytokine

production is similar to that seen when DO 11.10 T cells originally activated by IL-10
treated DCs were restimulated in vitro (see fig 4.6) and, as discussed in chapter 4, it
is also a characteristic of T cell anergy [289, 296].
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Figure 6.3 Restimulation in vitro. DCs were stimulated in the presence of EL-10 and
pulsed, or not, with MOG35.55. They were injected into mice 7, 5 and 3 days before
immunisation to induce EAE. The disease course for each group is shown in figure 6.2.
After recovery, mice were killed on day 30 and their spleens (A) and inguinal LNs (B)
collected. Cells were pooled within groups, plated with graded doses of MOG35.55 and
proliferation measured by 3H-thymidine incorporation during the last 16h of a 3d
culture. Data is shown as the mean of triplicate wells ± SEM.
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Figure 6.4 Cytokine profiles. DCs were stimulated in the presence of IL-10 and pulsed, or not,
with MOG35.55. They were injected into mice 7, 5 and 3 days before EAE induction. The disease
course for each group is shown in figure 6.2. After recovery, mice were killed on day 30 and
their spleens and inguinal LNs collected. Cells were pooled within groups, plated with graded
doses ofMOG35.55 and their cytokine production measured by a cell based Elisa method. Data is
shown as the mean of duplicate wells.
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6.3.3 IL-10 treated DCs are effective after disease induction

While the suggestion that pre-treatment with IL-10 DCs can reduce the severity of
EAE is encouraging, particularly in its support of the suppression ofDO11.10 T cell

responses described in chapter 5, its therapeutic relevance is limited by the difficulty
in identifying people at risk ofmultiple sclerosis before symptoms occur. To move
towards an assessment of the potential of IL-10 DCs to treat rather than prevent

EAE, the DC injections were delayed and given instead on days 0, 2 and 4 of the

experiment, alongside the CFA and pertussis immunisations that provoke disease.
Their impact on the severity of symptoms is shown in fig 6.5. Disease was much
milder in mice that received IL-10 treated DCs coated with MOG35.55 than in the

PBS controls: onset was delayed, peak severity was reduced and recovery was

accelerated. IL-10 DCs without antigen also delayed the onset of disease slightly,
but the total disease burden was not significantly reduced below that of the controls

(fig 6.5). DCs activated in the presence of IL-10 can reduce the severity ofEAE
even when delivered after the induction of disease, and in this case it appears to be an

antigen specific effect.

Time after disease induction (days)

Figure 6.5 IL-10 treated DCs given after disease induction. DCs were harvested at day 7
of culture, stimulated in the presence of IL-10 and pulsed (IL-10 DCs + MOG) or not (IL-10
DCS alone) with MOG35.55. The DCs were then injected into mice on the same day as
immunisation to induce EAE and at 2 and 4 days afterwards. The severity of disease was
recorded daily and the data is shown as the mean score of the 5 mice in each group ± SEM.
IL-10 DCs + MOG significantly reduced the disease burden below that of the PBS controls
(P<0.0001, using the Mann-Whitney rank sum test), but IL-10 DCs alone did not (P=0.1).
This experiment was performed just once.
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Figure 6.6 Disease suppression is non-specific. DCs were harvested at day 7 of culture and
replated in medium alone, with LPS or with LPS and IL-10 together. Cells were then
pulsed,or not, with MOG35.55 and injected into mice 7, 5 and 3 days before they were
immunised to induce EAE. The severity of disease was recorded daily, and the data is shown
as the mean score of 5 replicate mice ± SEM. The only groups to experience disease burdens
significantly below that of the PBS controls here were unstimulated DCs + MOG (P=0.015,
using the Mann-Whitney rank sum test) and IL-10 DCs alone (P<0.0001). This experiment
was performed once, although some groups repeat work shown in fig 6.2.
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6.3.4 Suppression is not specific

The two initial experiments using EAE to assess the impact of IL-10 treated DCs on

pathogenic T cell responses suggested considerable promise (see figs 6.2 and 6.5),
but a clearer understanding was needed of the specificity of their effect. The first

experiment was therefore repeated with additional control groups (fig 6.6). DCs
were activated with LPS and IL-10, with LPS alone or left unstimulated. Each group

was pulsed with MOG35.55 or left without antigen, before being injected into mice 7,
5 and 3 days before immunisation with CFA. As in fig 6.2, mice that received IL-10
treated DCs experienced much milder disease than those mock-injected with PBS,
and this was true irrespective of whether the DCs had been coated with MOG35.55
before injection. With the exception of unstimulated DCs without MOG35.55, all DC

groups appeared to suppress disease; the effect was neither antigen specific nor

dependent on the state of DC activation. The variation within groups in this

experiment was unusually high, however, as illustrated by the considerable error

bars. In comparison with the PBS controls, only unstimulated DCs with MOG35.55
and IL-10 DCs alone achieved a statistically significant reduction in disease (fig 6.6).

6.3.5 Clinical summary

To further examine the effect of IL-10 treated DCs in EAE, data were compiled from
both experiments in which mice were given DC before disease induction (table 6.7).
The incidence of disease was shown to be significantly reduced by pre-treatment
with IL-10 DCs, although this was more pronounced if the DCs were not pulsed with

MOG35-55. Those mice that received IL-10 DCs and still suffered paralysis appeared
to endure a similar disease course to the PBS controls: neither the onset of symptoms

nor their peak severity was significantly affected by the administration of DCs. Is
EAE an all or nothing event in which IL-10 DCs encourage the regulatory balance to

fall in favour of health rather than disease? Analysis ofmore mice will enable a

stronger conclusion.
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Table 6.7 EAE in mice pre-treated with 1L-10 DCs

Incidence Cumulative

disease burden

per mouse

Dav of onset3 Maximum

scoreb

PBS 12/12 (100%) 44.3 9.610.3 3.810.4

IL-10 DCs+ MOG 6/10 (60%)* 10.6*** 9.3 ±0.8+ 2.7 1 0.2X

IL-10 DCs alone 2/8 (25%)** 3.0*** 9.51 1.4 2.5 1 1.4

Data are compiled from two experiments, shown individually in figs 6.2 and 6.6

a,b Data refer only to those mice showing clinical disease

*, ** Statistically different to that of the PBS controls. P = 0.029 and 0.0007, respectively, using
Fisher's exact test.

Statistically different to that of the PBS controls. P < 0.0001 using the Mann-Whitney rank
sum test.

No statistical difference to that of the PBS controls. P = 0.45 using the Mann-Whitney rank
sum test.

No statistical difference to that of the PBS controls. P = 0.08 using the Mann-Whitney rank
sum test.

6.4 Discussion

The data presented in chapter 5 suggested that an in vivo interaction with DCs
stimulated in the presence of IL-10 elicits a muted proliferation and a lasting

suppression of T cell activity. This chapter demonstrates that IL-10 treated DCs can

inhibit pathogenic T cells as well as DOl 1.10 transgenic responses; tolerance can be
achieved not just in terms of limited proliferation in in vitro restimulation assays but
also as a reduction in clinical symptoms of disease.

The ability of IL-10 treated DCs to inhibit EAE even after CFA immunisation

implies that their effect is not just to anergise a cohort of responding cells, but to
establish an active suppression of the T cell response. This strengthens the data
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obtained in the DO 11.10 bone marrow chimaeras (see fig 5.15). In support, the
activated state of the DCs, at least at the time of injection, argues against induction of
classical anergy due to lack of costimulation [391], Albert et al. [375] and Menges et
al. [Ill] have both proposed that some degree of DC maturation is needed to
establish tolerance. Indeed, the protective effect of TGF(3 in an EAE model in rats

was attributed to stimulation ofDCs [506] and blood borne DCs from patients with
MS have been shown to express unusually low levels of the activation marker B7.2

[507, 508], Immature DCs have also been associated with pathology in autoimmune
diabetes [509, 510], lupus [511] and Graves' disease [512].

An argument based on the activation state of the DCs is perhaps undermined by the

equivalence of the different DC populations revealed in fig 6.6, however. The

experiment needs to be repeated before firm conclusions can be drawn, and it is also
true that the similar effects of the three DC populations do not necessarily reflect
similar mechanisms. While the unstimulated DCs used in these experiments do show
some degree ofmaturation (see fig 3.4, for example), probably encouraged by the

handling that they receive before injection [104], a comparable protocol was used by

Dhodapkar et al. to demonstrate CD8+ T cell tolerance in vivo [325], Inhibition of
disease by LPS activated DCs was more surprising. A similar result has been
described by Bettelli et al. in their comparison ofEAE in IL-4 A and IL-10"/_ mice
[492]. While the absence of endogenous IL-10 caused very severe EAE in response

to MOG35-55 in CFA, the same immunisation in combination with pertussis toxin

gave much milder symptoms. The additional stimulus of the second adjuvant
ameliorated disease. This negative feedback could be explained by the induction of
iNOS expression in strongly activated DCs, leading to nitric oxide release and

consequent T cell apoptosis [513, 514],

The other issue of specificity raised in this chapter is the intriguing ability of DCs
without antigen to mimic the effect of those pulsed with MOG35-55 (figs 6.2 and 6.6).

Initially I assumed that this was symptomatic of the same high background responses

that were afflicting the DOl 1.10 experiments at the same time (see fig 5.9). As
illustrated in fig 5.10, even unpulsed DCs were generating very strong, non-specific

proliferative responses and it was possible that these could overwhelm any MOG-
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specific proliferation and inadvertently protect their hosts from EAE [515]. Arguing

against this, the proliferation seen in in vitro restimulation assays from these EAE

experiments was peptide dose dependent and of the two EAE experiments completed
at this time (figs 6.2 and 6.5), only one appeared non-specific. Ironically, the

experiment set up after the serum issue had been solved with the intention of

demonstrating specificity (fig 6.6) showed particularly impressive disease

suppression by unpulsed, IL-10 treated DCs.

There are more interesting explanations. Tolerogenic DCs may be able to condition
their environment, perhaps through the secretion of cytokines such as IL-10 or TGF(3

[112, 330, 473, 516]. As long as the release of these cytokines is independent of T
cell engagement [259], IL-10 treated DCs both with and without antigen could
convert surrounding APCs into tolerogenic cells. When the CFA immunisation then
delivers a depot of specific antigen for endogenous presentation, the T cell response
would be limited and clinical disease suppressed.

Alternatively, DCs not pulsed with peptide in vitro might be able to acquire antigen
in vivo. In experiments in which mice were given DCs before EAE induction, this
would require the DCs to remain alive and capable of collecting and presenting

antigen 3 days after injection, when the MOG35.55 was delivered in the CFA
immunisation. This is possible (fig 3.8)[155], The DCs would also need to be able
to access the antigen. If endogenous APCs such as Langerhans cells carried the

peptide from the s.c. site of immunisation to the draining lymph node, it could be
transferred there onto DCs that originated in the injected population. Such hand-over
of antigen has been reported [217, 517], although data described in chapter 5

suggested that systemic delivery of DCs was relatively inefficient in reaching the

lymph nodes (see fig 5.7). The administration ofDCs several weeks before
immunisation with MOG35.55 might be revealing here, since DCs are unlikely to

survive that period [155] and so acquisition of antigen from the CFA deposit would
be prohibited.

The concept of in vivo acquisition of antigen has mixed implications. On the one

hand, it appears to defeat the aim of antigen-specific manipulation of the immune
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system for which DCs seemed such an attractive tool. On the other, the specific

antigens responsible for multiple sclerosis are not yet known, so pulsing DCs with

peptide in vitro is not currently an option in the treatment of human disease. MOG
constitutes only 0.01-0.05% ofmyelin proteins [518] and while there are more

abundant components, such as proteolipid protein and myelin basic protein, both of
which have immunodominant epitopes mapped [519, 520], there is little evidence
that these are clinically relevant [521, 522], Indeed, it has been suggested that the

relapsing and remitting disease so characteristic ofMS is a result of renewed waves

of autoimmune attack as the T cell response switches focus from one epitope to

another [523]. Although the EAE model used here is a monophasic disease, one

possible explanation for the apparently greater suppression of disease by IL-10
treated DCs without MOG35.55 than by the same DCs coated with peptide in vitro

(see figs 6.6 and 6.7) is that the unpulsed DCs are able to acquire an array of

biologically relevant antigens from the damaged CNS in vivo.

This is an idea that Xiao and colleagues have tried to exploit therapeutically.

Remarkably, they reported that bone marrow precursors taken from a rat that had
recovered from EAE and cultured for 7 days to generate DCs, can protect other rats
from subsequent attempts to induce disease [524], The authors argue that bone
marrow DCs are pulsed with CNS antigens in vivo and that the culture period merely
serves to expand the population, although how the antigens are also multiplied is
unclear. The same group have also described the use of CD8- splenic DCs, purified
from rats suffering EAE and treated in vitro with either IFNy or TGF(3, to inhibit the

development of disease in naive animals (quoted as unpublished data in [525]). It
would be very interesting to test whether DCs isolated from the lymph nodes or

spleens of the EAE mice used here, and ultimately from the blood ofMS patients,
could be activated in the presence of IL-10 in vitro and re-infused to achieve a

similar suppression of disease in vivo.

Current therapies for MS focus on general immune suppression, although this may be
mediated via the patient's endogenous DCs. Methylprednisolone, used to treat acute

relapses [526], is a potent corticosteroid shown to inhibit the differentiation of

monocytes into DCs [527], Related steroids have been reported to act on immature
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DCs to prevent their maturation [218, 528], In contrast, IFNJ3 is administered long-
term to prevent the occurrence of relapses and delay progression to disability [529],

IFN(3 appears to enhance DC activation while skewing their phenotype towards one

that favours the development of a Th2 response. DCs stimulated in the presence of

IFN(3 make little IL-12 [530] but instead release IL-10 [531] and consequently

encourage a T cell reaction dominated by IL-13, IL-5 and IL-10 [532],

Activating DCs in vitro in the presence of IL-10 has the advantage of concentrating
the action of the cytokine onto appropriate cells and with relevant timing. Systemic
administration of IL-10 has been reported to inhibit collagen induced arthritis [533],
but to aggravate EAE [499], Cua et al. have shown that targeting the IL-10 to the
site ofAPC:T cell interaction, by expressing recombinant IL-10 under an MHCII

promoter, completely protects the transgenic mice from EAE [500]. Interestingly,
this IL-10 is apparently sufficient to prevent disease: transgenic mice on an IL-10"/_
background are also protected. T cell release of IL-10 is not required. While little
IL-10 production was detected in the DCs used here (fig 3.11), IL-10 can act on DCs
in an autocrine manner [212], The transgenic IL-10 could be influencing the APCs
as well as the effector T cells. Cua et al. go on to demonstrate that therapeutic IL-10
must be able to enter the CNS [498], They achieve this by direct intracranial

injection, but circulating lymphocytes may provide an alternative means of access. If
T cell IL-10 is dispensable, B cells might be responsible [327, 534],

The data in this chapter suggest that IL-10 treated DCs can suppress pathogenic T
cell responses in a mouse model ofEAE, and hence reduce the severity of disease.
There are interesting experiments to be done, including the optimisation of the period
of DC stimulation and the timing of DC administration. Even at this preliminary

stage, however, the potential for therapeutic benefit looks exciting.
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Chapter 7 - Discussion and Conclusions

7.1 Summary

IL-10 is one of a number of factors reported to modulate DC function by trapping the
cells in an immature state. Others include apoptotic cells [83, 464], malaria-infected

erythrocytes [30] and steroidal anti-inflammatories [218], so the mechanism of

regulation is relevant to immunity, tolerance, infection and therapy. Data presented
in this thesis have shown that DCs activated in the presence of IL-10 do respond to

LPS stimulation, downregulating antigen uptake and increasing expression of MHC
and B7 (chapter 3), but that this activation is transient and does not stimulate strong

T cell proliferation (chapter 4). The T cell response is instead characterised by
limited proliferation and reduced cytokine production upon restimulation (chapters 4
and 5). The suppressive influence of IL-10 treated DCs is effective in vivo (chapter

5) and can limit the severity of disease in a mouse model of autoimmunity (chapter

6). These cells may have considerable therapeutic potential.

7.2 Discussion

7.2.1 DC activation in the presence ofIL-10

The observation that a combination of LPS and IL-10 can elicit an activated DC

phenotype, with high surface expression ofMHCII, B7.1 and B7.2 (fig 3.5), is in
contrast to the common perception of IL-10 as an inhibitor ofDC maturation [216],
The discrepancy may be a result of the kinetics ofDC activation: at 24h post

stimulation, IL-10 treated DCs do display lower levels ofMHC and B7 than

equivalent cells given LPS alone (fig 3.7). The idea that DC mediated regulation of
the immune response can occur despite or even because ofMHC and B7 expression
is not without support. A number of recent reports have described the suppression of
T cell responses by phenotypically activated DCs [111, 112, 330, 375], DC
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maturation is not a single event, and the different levels of DC activation that

contribute may each have a distinct influence on the consequent T cell response

[113]. Indeed, the 'steady-state' migration of peripheral DCs into lymph nodes that
is proposed to maintain peripheral tolerance [220], must be accompanied by some

degree of DC activation in order to trigger the upregulation ofCCR7 required for

entry into secondary lymphoid tissue. Steinman spoke of discrete stages of DC
maturation in which the change in chemokine receptors preceeded the surface
stabilisation ofMHCII, which in turn preceeded B7 expression (Steinman, 2002,
N1H/NIAID meeting, Airlie, Virginia, USA). The separation of the DC life cycle
into just two phenotypes, tolerogenic immature DCs and immunogenic mature cells,

may be over simplistic [535],

7.2.2 T cell anergy

The attraction of a decisive DC activation state in response to stimulation in the

presence of IL-10 is that it implies a greater functional stability than that of immature
cells. Hawiger et al. demonstrated that the T cell tolerance induced by immature
DCs could be broken by concomitant DC stimulation [328], Nelson et al. have
described cyclic DC activation in response to repetitive stimulation with TNFa

[536], but this is hard to reconcile with the limited life-span of DCs in vivo [155]. It
would be interesting to assess the dominance of the putative regulatory phenotype of
IL-10 treated DCs. Could IL-10 treated DCs maintain tolerance to the antigen they

present in the face of a strong immune response to a different peptide delivered on

co-injected LPS-activated DCs?

In vitro, IL-10 treated DCs alone elicit a limited T cell proliferation (fig 4.2) that

appears to leave the T cells hyporesponsive to rechallenge. Their proliferative

response to restimulation is weak (fig 4.5) and they make little cytokine (fig 4.6).
This phenotype is suggestive of T cell anergy [289], and analysis of T cell expression
of IL-2 would have been informative. In vivo, particularly in the lymph node, the

ability of IL-10 treated DCs to inhibit T cell proliferation in response to rechallenge
was clear (fig 5.14). The stronger result in vivo may reflect sub-optimal culture
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conditions in vitro. Exogenous IL-2 was added to the T cell cultures, which can

overcome T cell anergy [295], Alternatively, the explanation may lie in the different

timing of the two experiments. In vitro, the DCs were mixed with T cells at 6h after

stimulation, at the peak ofMHC and B7 expression on IL-10 treated DCs. In vivo,
the DCs were injected at this stage. Even if DC migration from the periphery to

secondary lymphoid tissue is rapid, possibly within 4-6h [382], this delay may mean

that the ex vivo IL-10 treated DCs have downregulated their expression ofMHC and

particularly B7 by the time they encounter specific T cells (fig 3.7). The T cell

suppression observed in figs 5.13 and 5.14 may then be an in vivo demonstration of
the same anergic tolerance seen in response to IL-10 treated DCs 24h after

stimulation, originally interpreted as a result of IL-10 mediated 'inhibition' of DC
maturation [205], Powerful microscopy techniques are now becoming available
which might allow direct visualisation of the levels of B7 expressed on injected DCs

during T cell engagement [377, 537].

7.2.3 Regulatory Tcells?

A pressing question that arises from the data presented in chapter 4 and particularly
in chapter 5 is whether the hyporesponsive T cells induced by IL-10 treated DCs are

also suppressive. The precedent for DC induction of regulatory T cells has been set:

both Akbari et al. McGuirk et al. have recently described the ability ofmature DCs
to elicit Trl like T cells [112, 330]. In contrast to these reports, however, the IL-10
treated DCs used here did not express any detectable IL-10 (fig 3.11). While IL-10

appears fundamental for the development ofTrl cells, other regulatory T cell

phenotypes exist and other molecules are important in their differentiation (reviewed
in [312, 314]). A comparison of the levels of TGF(3 secreted by DCs activated with

LPS alone and with LPS and IL-10 would be interesting [324],

The greatest need, however, is for some functional assessment of the responding T
cell populations. The simplest approach may be to mix the two DC populations and
measure the net T cell proliferation. If T cells responding to IL-10 treated DCs are

anergic but not suppressive, the proliferation in the combined culture should be
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equivalent to that induced by LPS-activated DCs alone. More elegantly, the

recovery of T cells from DC co-cultures for subsequent titration into nai've T cell

populations, either in vitro or in vivo, would enable a direct demonstration of T cell

suppression. Bone marrow chimaeras are particularly attractive hosts for this type of

experiment (figs 5.15 and 5.16), since the sustained thymic output of antigen specific
T cells provides the nai've targets for suppression and therefore negates the

requirement for successive T cell transfers. The preliminary experiment illustrated in

figure 5.16 may indicate that IL-10 treated DCs can elicit an active T cell

suppression. Although encouraging, the 5 day interval between primary
immunisation and secondary challenge may have been too short to allow the
accumulation of a significant nai've T cell population [538, 539]. Increasing the

period from 5 days to several weeks may be revealing.

7.2.4 Physiological context

The data in this thesis suggest that LPS and IL-10 together drive a tolerogenic DC

phenotype that can render T cells hyporesponsive to rechallenge. The combination
of LPS and IL-10 is important: DCs given IL-10 alone do not respond to subsequent
stimulation [540] and fully mature DCs are no longer affected by IL-10 addition

[117]. It is perhaps an unusual partnership, requiring either the presence of IL-10 in
the periphery or of LPS in the secondary lymphoid tissues. Both situations do occur.

In the liver, hepatocyte secretion of IL-10 may act on resident DCs to dampen local
immune responses [201]. In the skin, keratinocyte expression of IL-10 is markedly
enhanced by contact sensitisation or UV irradiation [85, 86]. The intracellular stores
that these cells accumulate mean that damaged keratinocytes may spill IL-10 into the

surrounding microenvironment. An infected cut therefore provides a good

opportunity for simultaneous LPS and IL-10 signals, but a tolerogenic response to

this situation is unlikely to be desirable. IL-10 production by keratinocytes may
instead be related to the suppression of immune reactivity against harmless
environmental antigens or commensal bacteria that live on the skin [39].
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The presence of LPS in secondary lymphoid tissue normally indicates a systemic

infection, either due to direct inoculation into the bloodstream or to the failure of the

immune system to contain the infection at the site of entry. Clinically, systemic
infections are serious [541] and it is perhaps counter-intuitive to discuss tolerance
induction at the same time as an urgent need for antibiotics. The life-threatening

pathology of septic shock syndrome or meningococcal septicaemia is associated with

extremely high levels of circulating IFNy and TNFa [542]. The ability of splenic or

lymph node DCs to respond to concomitant LPS and IL-10 by promoting T cell
tolerance or suppression may be critical to regulating the balance of effective

immunity and minimal immune damage. Indeed, splenic B cells have been shown to

react to IL-12 by releasing IL-10, which suggests that activated B cells in secondary

lymphoid tissues can downregulate Th 1 responses by dampening the stimulatory

capacity of DCs [271]. Any such B cell regulation would have to act on DCs
resident in the spleen or lymph nodes, or on those arriving from the periphery as part

of a sustained influx. Data shown in fig 3.10 suggests that, while DCs given LPS for
24h are resistant to the effect of IL-10, at 6h post-stimulation they remain responsive.
The window of opportunity during which the DC must receive signals from both LPS
and IL-10 in order to assume a tolerogenic phenotype may be sufficient to include
the time needed to travel from the periphery to the draining lymph node.

7.2.5 Therapeutic promise

Whatever its physiological setting, the capacity of LPS and IL-10 to elicit a DC

phenotype that limits T cells responses has considerable therapeutic promise. The
clinical applications of dendritic cells are becoming widely appreciated (reviewed in

[543]), although the majority of patient trials to date have focussed on the ability of
DCs to enhance anti-tumour immunity [345] [544], In mice, DCs can elicit complete
tumour rejection [433]; in man, similar efficacy can be achieved but as yet without
the same consistency [545], The use of cytokine conditioning to manipulate DC
function offers the potential to direct a range of different immune responses. DCs
cultured in GM-CSF and TGF(3 have been shown to prolong survival of experimental
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heart allografts [546] and those grown in GM-CSF and IL-4 reduce the incidence of

type 1 diabetes in non-obese diabetic (NOD) mice [547], Results presented here
have demonstrated that DCs activated in the presence of IL-10 can generate a limited
T cell response that leaves the T cells hyporesponsive to subsequent challenge

(chapter 4). These DCs are effective in vivo (chapter 5) and can reduce the severity
of disease in a mouse model ofmultiple sclerosis (chapter 6). The data are

preliminary but promising. The early clinical trials of DCs as cancer therapy have
served to confirm the safety and feasibility of using protocols based on antigen

pulsing of cultured DCs to combat disease [545, 548],

7.2.6 Therapeutic challenges

One of the major hurdles in translating data from animal models into human
relevance is the need not just to prevent disease, but to treat established symptoms.

Fig 6.4 demonstrates that IL-10 treated DCs are effective in suppressing EAE when

given at the time of disease induction, but it would be valuable to delay DC
administration until the onset of symptoms and even into established disease. Both
mice that lack B cells and those whose B cells are IL-10 deficient suffer a severe,

non-remitting form ofEAE [327], and such animals might provide a means of

assessing the ability of IL-10 treated DCs to promote recovery. A comparison of the

efficacy of DCs when used as prophylaxis, to treat active disease and to prevent

relapses would be interesting, both to assess potential clinical benefit and to

understand more about the influence of the different immune system environments
into which the DCs are delivered.

In multiple sclerosis, successive relapses have been associated with epitope

spreading and renewed waves of autoimmune attack [523], A critical question then
is whether administration of IL-10 treated DCs loaded with one antigen can suppress

T cell responses to another. EAE can be induced in different strains of mice using

encephalitogenic peptides derived from myelin basic protein (MBP) and proteolipid

protein (PLP) as well as the MOG35-55 used here. Attempts to modulate disease
induced with one peptide by injection of DCs pulsed with another would be
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instructive. Tumour vaccination strategies have often used DCs pulsed with whole
tumour lysates in order to include a range of clinically relevant epitopes [545, 548].
Oral administration of bovine myelin to multiple sclerosis patients has been reported
to induce regulatory Th3 cells against epitopes of both MBP and PLP [323], but

safety concerns over BSE must now prohibit this approach. The ability of DCs to

pick up antigen in vivo is intriguing and a rigorous investigation is needed. This

approach also has inherent dangers, however. Human patients will inevitably carry
unrelated antigens, such as those of latent viruses or sub-clinical bacterial infections,
which a scavenging DC may also be able to access and to which tolerance may be
disastrous. The use of IL-10 treated DCs in deliberately infected mice would be

interesting.

7.3 Conclusions

The data presented in this thesis have demonstrated that IL-10 treated DCs do

respond to stimulation. They show an early upregulation of surface MHC and B7

but, even when phenotypically active, they fail to elicit strong T cell proliferation.
Both in vitro and in vivo, the interaction with DCs activated in the presence of IL-10
leaves specific T cells hyporesponsive to rechallenge. In a model of autoimmunity,
these DCs reduce symptoms of disease. Together, the data suggest that, rather than

inhibiting DC maturation, IL-10 directs an active DC phenotype that can regulate
immune responses. In vitro manipulation ofDC function can influence the outcome

of immune responses in vivo.

154



References

1 Inaba, K., Steinman, R. M., Van Voorhis, W. C. and Muramatsu, S., Dendritic cells are
critical accessory cells for thymus-dependent antibody responses in mouse and in man. Proc
Natl Acad Sci USA 1983. 80: 6041-6045.

2 Bhardwaj, N., Young, J. W., Nisanian, A. J., Baggers, J. and Steinman, R. M., Small
amounts of superantigen, when presented on dendritic cells, are sufficient to initiate T cell
responses. JExp Med 1993. 178: 633-642.

3 Knight, S. C. and Stagg, A. J., Antigen-presenting cell types. Curr Opin Immunol 1993. 5:
374-382.

4 Sallusto, F., Cella, M., Danieli, C. and Lanzavecchia, A., Dendritic cells use

macropinocytosis and the mannose receptor to concentrate macromolecules in the major
histocompatibility complex class II compartment: downregulation by cytokines and bacterial
products. J Exp Med 1995. 182: 389-400.

5 Winzler, C., Rovere, P., Rescigno, M., Granucci, F., Penna, G., Adorini, L.,
Zimmermann, V. S., Davoust, J. and Ricciardi-Castagnoli, P., Maturation stages of
mouse dendritic cells in growth factor-dependent long-term cultures. JExp Med 1997. 185:
317-328.

6 Larsen, C. P., Ritchie, S. C., Hendrix, R., Linsley, P. S., Hathcock, K. S., Hodes, R. J.,
Lowry, R. P. and Pearson, T. C., Regulation of immunostimulatory function and
costimulatory molecule (B7- 1 and B7-2) expression on murine dendritic cells. J Immunol
1994. 152: 5208-5219.

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

8 Caux, C., Pathways of development of human dendritic cells. Eur JDermatol 1998. 8: 375-
384.

9 Shortman, K. and Liu, Y. J., Mouse and human dendritic cell subtypes. Nature Rev
Immunol 2002. 2: 151-161.

10 Kalinski, P., Hilkens, C. M., Wierenga, E. A. and Kapsenberg, M. L., T-cell priming by
type-1 and type-2 polarized dendritic cells: the concept of a third signal. Immunol Today
1999. 20: 561-567.

11 Rissoan, M. C., Soumelis, V., Kadowaki, N., Grouard, G., Briere, F., de Waal Malefyt,
R. and Liu, Y. J., Reciprocal control ofT helper cell and dendritic cell differentiation.
Science 1999. 283: 1183-1186.

12 Maldonado-Lopez, R., Maliszewski, C., Urbain, J. and Moser, M., Cytokines regulate the
capacity of CD8a!pha(+) and CD8alpha(-) dendritic cells to prime Thl/Th2 cells in vivo. J
Immunol 2001. 167: 4345-4350.

13 Finkelman, F. D., Lees, A., Birnbaum, R., Gause, W. C. and Morris, S. C., Dendritic
cells can present antigen in vivo in a tolerogenic or immunogenic fashion. J Immunol 1996.
157: 1406-1414.

14 Viney, J. L., Mowat, A. M., O'Malley, J. M., Williamson, E. and Fanger, N. A.,
Expanding dendritic cells in vivo enhances the induction of oral tolerance. J Immunol 1998.
160: 5815-5825.

15 Langerhans, P., Uber die Nerven der menschlichen Haut. Virchows Arch. (Pathol. Arch.)
1868. 44: 325-337.

155



16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

Steinman, R. M. and Cohn, Z. A., Identification of a novel cell type in peripheral lymphoid
organs ofmice. I. Morphology, quantitation, tissue distribution. JExp Med 1973.137: 1142-
1162.

Steinman, R. M. and Cohn, Z. A., Identification of a novel cell type in peripheral lymphoid
organs ofmice. II. Functional properties in vitro. JExp Med 1974. 139: 380-397.

Steinman, R. M., Lustig, D. S. and Cohn, Z. A., Identification of a novel cell type in
peripheral lymphoid organs ofmice. 3. Functional properties in vivo. JExp Med 1974. 139:
1431-1445.

Wood, G. S., Turner, R. R., Shiurba, R. A., Eng, L. and Warnke, R. A., Human dendritic
cells and macrophages. In situ immunophenotypic definition of subsets that exhibit specific
morphologic and microenvironmental characteristics. Am JPathol 1985. 119: 73-82.

Schuler, G. and Steinman, R. M., Murine epidermal Langerhans cells mature into potent
immunostimulatory dendritic cells in vitro. JExp Med 1985. 161: 526-546.

O'Doherty, U., Peng, M., Gezelter, S., Swiggard, W. J., Betjes, M., Bhardwaj, N. and
Steinman, R. M., Human blood contains two subsets of dendritic cells, one immunologically
mature and the other immature. Immunology 1994. 82: 487-493.

Hart, D. N. and Fabre, J. W., Demonstration and characterization of la-positive dendritic
cells in the interstitial connective tissues of rat heart and other tissues, but not brain. JExp
Med 1981. 154: 347-361.

Austyn, J. M., Hankins, D. F., Larsen, C. P., Morris, P. J., Rao, A. S. and Roake, J. A.,
Isolation and characterization of dendritic cells from mouse heart and kidney. J Immunol
1994.152:2401-2410.

Brown, E. J., Phagocytosis. Bioessays 1995. 17: 109-117.

Sallusto, F. and Lanzavecchia, A., Efficient presentation of soluble antigen by cultured
human dendritic cells is maintained by granulocyte/macrophage colony-stimulating factor
plus interleukin 4 and downregulated by tumor necrosis factor alpha. J Exp Med 1994. 179:
1109-1118.

Carroll, M. C., The role of complement and complement receptors in induction and
regulation of immunity. Annu Rev Immunol 1998. 16: 545-568.

Schmitt, D. A., Bieber, T., Cazenave, J. P. and Hanau, D., Fc receptors of human
Langerhans cells. J Invest Dermatol 1990. 94: 15S-21S.

Stingl, G., Wolff-Schreiner, E. C., Pichler, W. J., Gschnait, F., Knapp, W. and Wolff,
K., Epidermal Langerhans cells bear Fc and C3 receptors. Nature 1977. 268: 245-246.

Bilsland, C. A., Diamond, M. S. and Springer, T. A., The leukocyte integrin pi50,95
(CD1 lc/CD18) as a receptor for iC3b. Activation by a heterologous beta subunit and
localization of a ligand recognition site to the 1 domain. J Immunol 1994. 152: 4582-4589.

Urban, B. C., Willcox, N. and Roberts, D. J., A role for CD36 in the regulation of dendritic
cell function. Proc Natl Acad Sci USA 2001. 98: 8750-8755.

Larsson, M., Fonteneau, J. F. and Bhardwaj, N., Dendritic cells resurrect antigens from
dead cells. Trends Immunol 2001. 22: 141-148.

Garrett, W. S., Chen, L. M., Kroschewski, R., Ebersold, M., Turley, S., Trombetta, S.,
Galan, J. E. and Mellman, I., Developmental control of endocytosis in dendritic cells by
Cdc42. Cell 2000. 102: 325-334.

Geijtenbeek, T. B., Torensma, R., van Vliet, S. J., van Duijnhoven, G. C., Adema, G. J.,
van Kooyk, Y. and Figdor, C. G., Identification of DC-SIGN, a novel dendritic cell-specific
ICAM-3 receptor that supports primary immune responses. Cell 2000. 100: 575-585.

Bates, E. E., Fournier, N., Garcia, E., Valladeau, J., Durand, I., Pin, J. J., Zurawski, S.
M., Patel, S., Abrams, J. S., Lebecque, S., Garrone, P. and Saeland, S., APCs express

156



DCIR, a novel C-type lectin surface receptor containing an immunoreceptor tyrosine-based
inhibitory motif. J Immunol 1999. 163: 1973-1983.

35 Kraal, G., Breel, M., Janse, M. and Bruin, G., Langerhans' cells, veiled cells, and
interdigitating cells in the mouse recognized by a monoclonal antibody. J Exp Med 1986.
163:981-997.

36 Swiggard, W. J., Mirza, A., Nussenzweig, M. C. and Steinman, R. M., DEC-205, a 205-
kDa protein abundant on mouse dendritic cells and thymic epithelium that is detected by the
monoclonal antibody NLDC-145: purification, characterization, and N-terminal amino acid
sequence. Cell Immunol 1995. 165: 302-311.

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

38 Pontow, S. E., Kery, V. and Stahl, P. D., Mannose receptor. Int Rev Cytol 1992: 221-244.
39 Mommaas, A. M., Mulder, A. A., Jordens, R., Out, C., Tan, M. C., Cresswell, P., Kluin,

P. M. and Koning, F., Human epidermal Langerhans cells lack functional mannose
receptors and a fully developed endosomal/lysosomal compartment for loading ofHLA class
II molecules. Eur J Immunol 1999. 29: 571-580.

40 Janeway, C. A., Jr., Approaching the asymptote? Evolution and revolution in immunology.
Cold Spring Harb Symp Quant Biol 1989. 54: 1-13.

41 Medzhitov, R. and Janeway, C. A., Jr., Innate immunity: the virtues of a nonclonal system
of recognition. Cell 1997. 91: 295-298.

42 Lemaitre, B., Nicolas, E., Michaut, L., Reichhart, J. M. and Hoffmann, J. A., The
dorsoventral regulatory gene cassette spatzle/Toll/cactus controls the potent antifungal
response in Drosophila adults. Cell 1996. 86: 973-983.

43 Visintin, A., Mazzoni, A., Spitzer, J. H., Wyllie, D. H., Dower, S. K. and Segal, D. M.,
Regulation of Toll-like receptors in human monocytes and dendritic cells. J Immunol 2001.
166: 249-255.

44 Akira, S., Takeda, K. and Kaisho, T., Toll-like receptors: critical proteins linking innate
and acquired immunity. Nat Immunol 2001. 2: 675-680.

45 Krieg, A. M., Yi, A. K., Matson, S., Waldschmidt, T. J., Bishop, G. A., Teasdale, R.,
Koretzky, G. A. and Klinman, D. M., CpG motifs in bacterial DNA trigger direct B-cell
activation. Nature 1995. 374: 546-549.

46 Hemmi, H., Takeuchi, O., Kawai, T., Kaisho, T., Sato, S., Sanjo, H., Matsumoto, M.,
Hoshino, K., Wagner, H., Takeda, K. and Akira, S., A Toll-like receptor recognizes
bacterial DNA. Nature 2000. 408: 740-745.

47 Underhill, D. M., Ozinsky, A., Hajjar, A. M., Stevens, A., Wilson, C. B., Bassetti, M.
and Aderem, A., The Toll-like receptor 2 is recruited to macrophage phagosomes and
discriminates between pathogens. Nature 1999. 401: 811-815.

48 Ozinsky, A., Underhill, D. M., Fontenot, J. D., Hajjar, A. M., Smith, K. D., Wilson, C.
B., Schroeder, L. and Aderem, A., The repertoire for pattern recognition of pathogens by
the innate immune system is defined by cooperation between toll-like receptors. Proc Natl
AcadSci USA 2000. 97: 13766-13771.

49 Hajjar, A. M., O'Mahony, D. S., Ozinsky, A., Underhill, D. M., Aderem, A., Klebanoff,
S. J. and Wilson, C. B., Cutting edge: functional interactions between toll-like receptor
(TLR) 2 and TLR1 or TLR6 in response to phenol-soluble modulin. J Immunol 2001. 166:
15-19.

50 Werts, C., Tapping, R. I., Mathison, J. C., Chuang, T. H., Kravchenko, V., Saint
Girons, I., Haake, D. A., Godowski, P. J., Hayashi, F., Ozinsky, A., Underhill, D. M.,
Kirschning, C. J., Wagner, H., Aderem, A., Tobias, P. S. and Ulevitch, R. J., Leptospiral

157



lipopolysaccharide activates cells through a TLR2-dependent mechanism. Nat Immunol
2001.2:346-352.

51 Hirschfeld, M., Weis, J. J., Toshchakov, V., Salkowski, C. A., Cody, M. J., Ward, D. C.,
Qureshi, N., Michalek, S. M. and Vogel, S. N., Signaling by toll-like receptor 2 and 4
agonists results in differential gene expression in murine macrophages. Infect Immun 2001.
69: 1477-1482.

52 Yoshimura, A., Lien, E., Ingalls, R. R., Tuomanen, E., Dziarski, R. and Golenbock, D.,
Cutting edge: recognition ofGram-positive bacterial cell wall components by the innate
immune system occurs via Toll-like receptor 2. J Immunol 1999. 163: 1-5.

53 Lien, E., Sellati, T. J., Yoshimura, A., Flo, T. H., Rawadi, G., Finberg, R. W., Carroll, J.
D., Espevik, T., Ingalls, R. R., Radolf, J. D. and Golenbock, D. T., Toll-like receptor 2
functions as a pattern recognition receptor for diverse bacterial products. JBiol Chem 1999.
274:33419-33425.

54 Alexopoulou, L., Holt, A. C., Medzhitov, R. and Flavell, R. A., Recognition of double-
stranded RNA and activation ofNF-kappaB by Toll- like receptor 3. Nature 2001. 413: 732-
738.

55 Poltorak, A., He, X., Smirnova, I., Liu, M. Y., Huffel, C. V., Du, X., Birdwell, D., Alejos,
E., Silva, M., Galanos, C., Freudenberg, M., Ricciardi-Castagnoli, P., Layton, B. and
Beutler, B., Defective LPS signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in
Tlr4 gene. Science 1998. 282: 2085-2088.

56 Hoshino, K., Takeuchi, O., Kawai, T., Sanjo, H., Ogawa, T., Takeda, Y., Takeda, K.
and Akira, S., Cutting edge: Toll-like receptor 4 (TLR4)-deficient mice are hyporesponsive
to lipopolysaccharide: evidence for TLR4 as the Lps gene product. J Immunol 1999. 162:
3749-3752.

57 Kurt-Jones, E. A., Popova, L., Kwinn, L., Haynes, L. M., Jones, L. P., Tripp, R. A.,
Walsh, E. E., Freeman, M. W., Golenbock, D. T., Anderson, L. J. and Finberg, R. W.,
Pattern recognition receptors TLR4 and CD 14 mediate response to respiratory syncytial
virus. Nat Immunol 2000. 1: 398-401.

58 Ohashi, K., Burkart, V., Flohe, S. and Kolb, H., Cutting edge: heat shock protein 60 is a
putative endogenous ligand of the toll-like receptor-4 complex. J Immunol 2000. 164: 558-
561.

59 Okamura, Y., Watari, M., Jerud, E. S., Young, D. W., Ishizaka, S. T., Rose, J., Chow, J.
C. and Strauss, J. F., 3rd, The extra domain A of fibronectin activates Toll-like receptor 4.
JBiol Chem 2001. 276: 10229-10233.

60 Hayashi, F., Smith, K. D., Ozinsky, A., Hawn, T. R., Yi, E. C., Goodlett, D. R., Eng, J.
K., Akira, S., Underhill, D. M. and Aderem, A., The innate immune response to bacterial
flagellin is mediated by Toll- like receptor 5. Nature 2001. 410: 1099-1103.

61 Du, X., Poltorak, A., Wei, Y. and Beutler, B., Three novel mammalian toll-like receptors:
gene structure, expression, and evolution. Eur Cytokine Netw 2000. 11: 362-371.

62 Chuang, T. and Ulevitch, R. J., Identification of hTLRlO: a novel human Toll-like receptor
preferentially expressed in immune cells. Biochim Biophys Acta 2001. 1518: 157-161.

63 Underhill, D. M. and Ozinsky, A., Toll-like receptors: key mediators of microbe detection.
Curr Opin Immunol 2002. 14: 103-110.

64 Shimazu, R., Akashi, S., Ogata, H., Nagai, Y., Fukudome, K., Miyake, K. and Kimoto,
M., MD-2, a molecule that confers lipopolysaccharide responsiveness on Toll- like receptor
A. JExp Med 1999.189: 1777-1782.

65 da Silva Correia, J., Soldau, K., Christen, U., Tobias, P. S. and Ulevitch, R. J.,
Lipopolysaccharide is in close proximity to each of the proteins in its membrane receptor
complex, transfer from CD14 to TLR4 and MD-2. JBiol Chem 2001. 276: 21129-21135.

158



66 Wesche, H., Henzel, YV. J., Shillinglaw, W., Li, S. and Cao, Z., MyD88: an adapter that
recruits IRAK to the IL-1 receptor complex. Immunity 1997. 7: 837-847.

67 Medzhitov, R., Preston-Hurlburt, P., Kopp, E., Stadlen, A., Chen, C., Ghosh, S. and
Janeway, C. A., Jr., MyD88 is an adaptor protein in the hToll/IL-1 receptor family signaling
pathways. Mol Cell 1998. 2: 253-258.

68 Burns, K., Clatworthy, J., Martin, L., Martinon, F., Plumpton, C., Maschera, B., Lewis,
A., Ray, K., Tschopp, J. and Volpe, F., Tollip, a new component of the IL-1RI pathway,
links IRAK to the IL-1 receptor. Nat Cell Biol 2000. 2: 346-351.

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

70 Weinmann, A. S., Mitchell, D. M., Sanjabi, S., Bradley, M. N., Hoffmann, A., Liou, H.
C. and Smale, S. T., Nucleosome remodeling at the IL-12 p40 promoter is a TLR-
dependent, Rel- independent event. Nat Immunol 2001. 2: 51-57.

71 Fitzgerald, K. A., Palsson-McDermott, E. M., Bowie, A. G., Jefferies, C. A., Mansell, A.
S., Brady, G., Brint, E., Dunne, A., Gray, P., Harte, M. T., McMurray, D., Smith, D. E.,
Sims, J. E., Bird, T. A. and O'Neill, L. A., Mai (MyD88-adapter-like) is required for Toll¬
like receptor-4 signal transduction. Nature 2001. 413: 78-83.

72 Horng, T., Barton, G. M. and Medzhitov, R., TIRAP: an adapter molecule in the Toll
signaling pathway. Nat Immunol 2001. 2: 835-841.

73 Kaisho, T., Takeuchi, O., Kawai, T., Hoshino, K. and Akira, S., Endotoxin-induced
maturation ofMyD88-deficient dendritic cells. J Immunol 2001. 166: 5688-5694.

74 Kawai, T., Takeuchi, O., Fujita, T., Inoue, J., Muhlradt, P. F., Sato, S., Hoshino, K. and
Akira, S., Lipopolysaccharide stimulates the MyD88-independent pathway and results in
activation of IFN-regulatory factor 3 and the expression of a subset of lipopolysaccharide-
inducible genes. J Immunol 2001. 167: 5887-5894.

75 Muzio, M., Ni, J., Feng, P. and Dixit, V. M., IRAK (Pelle) family member IRAK-2 and
MyD88 as proximal mediators of IL- 1 signaling. Science 1997. 278: 1612-1615.

76 Adachi, O., Kawai, T., Takeda, K., Matsumoto, M., Tsutsui, H., Sakagami, M.,
Nakanishi, K. and Akira, S., Targeted disruption of the MyD88 gene results in loss of IL-1 -
and IL- 18-mediated function. Immunity 1998. 9: 143-150.

77 Bowie, A., Kiss-Toth, E., Symons, J. A., Smith, G. L., Dower, S. K. and O'Neill, L. A.,
A46R and A52R from vaccinia virus are antagonists of host IL-1 and toll- like receptor
signaling. Proc Natl Acad Sci USA 2000. 97: 10162-10167.

78 Huang, Q., Liu, D., Majewski, P., Schulte, L. C., Korn, J. M., Young, R. A., Lander, E.
S. and Hacohen, N., The plasticity of dendritic cell responses to pathogens and their
components. Science 2001. 294: 870-875.

79 O'Neill, L. A., Toll-like receptor signal transduction and the tailoring of innate immunity: a
role for Mai? Trends Immunol 2002. 23: 296-300.

80 Jarnagin, W. R., Rockey, D. C., Koteliansky, V. E., Wang, S. S. and Bissell, D. M.,
Expression of variant fibronectins in wound healing: cellular source and biological activity of
the EIIIA segment in rat hepatic fibrogenesis. J Cell Biol 1994. 127: 2037-2048.

81 George, J., Wang, S. S., Sevcsik, A. M., Sanicola, M., Cate, R. L., Koteliansky, V. E. and
Bissell, D. M., Transforming growth factor-beta initiates wound repair in rat liver through
induction of the EIIIA-fibronectin splice isoform. Am JPathol 2000. 156: 115-124.

82 Matzinger, P., Tolerance, danger, and the extended family. Annu Rev Immunol 1994. 12:
991-1045.

83 Sauter, B., Albert, M. L., Francisco, L., Larsson, M., Somersan, S. and Bhardwaj, N.,
Consequences of cell death: exposure to necrotic tumor cells, but not primary tissue cells or

159



apoptotic cells, induces the maturation of immunostimulatory dendritic cells. JExp Med
2000.191:423-434.

84 Heufler, C., Koch, F. and Schuler, G., Granulocyte/macrophage colony-stimulating factor
and interleukin 1 mediate the maturation ofmurine epidermal Langerhans cells into potent
immunostimulatory dendritic cells. JExp Med 1988.167: 700-705.

85 Enk, A. H. and Katz, S. I., Early molecular events in the induction phase of contact
sensitivity. Proc Natl Acad Sci U S A 1992. 89: 1398-1402.

86 Kilgus, O., Payer, E., Schreiber, S., Elbe, A., Strohal, R. and Stingl, G., In vivo cytokine
expression in normal and perturbed murine skin— analysis by competitive quantitative
polymerase chain reaction. J Invest Dermatol 1993. 100: 674-680.

87 Bennett, C. L., Misslitz, A., Colledge, L., Aebischer, T. and Blackburn, C. C., Silent
infection of bone marrow-derived dendritic cells by Leishmania mexicana amastigotes. Eur J
Immunol 2001. 31: 876-883.

88 Shortman, K. and Caux, C., Dendritic cell development: multiple pathways to nature's
adjuvants. Stem Cells 1997. 15: 409-419.

89 Wolff, K. and Stingl, G., The Langerhans cell. J Invest Dermatol 1983. 80 SuppI: 17s-2 Is.
90 McWilliam, A. S., Nelson, D., Thomas, J. A. and Holt, P. G., Rapid dendritic cell

recruitment is a hallmark of the acute inflammatory response at mucosal surfaces. JExp Med
1994. 179: 1331-1336.

91 Cella, M., Sallusto, F. and Lanzavecchia, A., Origin, maturation and antigen presenting
function of dendritic cells. Curr Opin Immunol 1997. 9: 10-16.

92 Cella, M., Engering, A., Pinet, V., Pieters, J. and Lanzavecchia, A., Inflammatory stimuli
induce accumulation ofMHC class II complexes on dendritic cells. Nature 1997. 388: 782-
787.

93 Tang, A., Amagai, M., Granger, L. G., Stanley, J. R. and Udey, M. C., Adhesion of
epidermal Langerhans cells to keratinocytes mediated by E- cadherin. Nature 1993. 361: 82-
85.

94 Schwarzenberger, K. and Udey, M. C., Contact allergens and epidermal proinflammatory
cytokines modulate Langerhans cell E-cadherin expression in situ. J InvestDermatol 1996.
106: 553-558.

95 Price, A. A., Cumberbatch, M., Kimber, I. and Ager, A., Alpha 6 integrins are required
for Langerhans cell migration from the epidermis. JExp Med 1997.186: 1725-1735.

96 Kobayashi, Y., Langerhans' cells produce type IV collagenase (MMP-9) following
epicutaneous stimulation with haptens. Immunology 1997. 90: 496-501.

97 Weiss, J. M., Sleeman, J., Renkl, A. C., Dittmar, H., Termeer, C. C., Taxis, S., Howells,
N., Hofmann, M., Kohler, G., Schopf, E., Ponta, H., Herrlich, P. and Simon, J. C., An
essential role for CD44 variant isoforms in epidermal Langerhans cell and blood dendritic
cell function. J Cell Biol 1997. 137: 1137-1147.

98 McColl, S. R., Chemokines and dendritic cells: a crucial alliance. Immunol Cell Biol 2002.
80: 489-496.

99 Cyster, J. G., Chemokines and cell migration in secondary lymphoid organs. Science 1999.
286:2098-2102.

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

101 Sozzani, S., Allavena, P., Vecchi, A. and Mantovani, A., The role of chemokines in the
regulation of dendritic cell trafficking. JLeukoc Biol 1999. 66: 1-9.

160



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

103 Gunn, M. D., Kyuwa, S., Tam, C., Kakiuchi, T., Matsuzawa, A., Williams, L. T. and
Nakano, H., Mice lacking expression of secondary lymphoid organ chemokine have defects
in lymphocyte homing and dendritic cell localization. J Exp Med 1999. 189: 451-460.

104 Pierre, P., Turley, S. J., Gatti, E., Hull, M., Meltzer, J., Mirza, A., Inaba, K., Steinman,
R. M. and Mellman, I., Developmental regulation ofMHC class II transport in mouse
dendritic cells. Nature 1997. 388: 787-792.

105 Starling, G. C., McLellan, A. D., Egner, W., Sorg, R. V., Fawcett, J., Simmons, D. L.
and Hart, D. N., Intercellular adhesion molecule-3 is the predominant co-stimulatory ligand
for leukocyte function antigen-1 on human blood dendritic cells. Eur J Immunol 1995. 25:
2528-2532.

106 Caux, C., Vanbervliet, B., Massacrier, C., Azuma, M., Okumura, K., Lanier, L. L. and
Banchereau, J., B70/B7-2 is identical to CD86 and is the major functional ligand for CD28
expressed on human dendritic cells. JExp Med 1994. 180: 1841-1847.

107 Reis e Sousa, C. R., Hieny, S., Scharton-Kersten, T., Jankovic, D., Charest, H.,
Germain, R. N. and Sher, A., In vivo microbial stimulation induces rapid CD40 ligand-
independent production of interleukin 12 by dendritic cells and their redistribution to T cell
areas. JExp Med 1997. 186: 1819-1829.

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

109 Granucci, F., Vizzardelli, C., Pavelka, N., Feau, S., Persico, M., Virzi, E., Rescigno, M.,
Moro, G. and Ricciardi-Castagnoli, P., Inducible IL-2 production by dendritic cells
revealed by global gene expression analysis. Nat Immunol 2001. 2: 882-888.

110 Rang, K., Kubin, M., Cooper, K. D., Lessin, S. R., Trinchieri, G. and Rook, A. H., IL-12
synthesis by human Langerhans cells. J Immunol 1996. 156: 1402-1407.

111 Menges, M., Rossner, S., Voigtlander, C., Schindler, H., Kukutsch, N. A., Bogdan, C.,
Erb, K., Schuler, G. and Lutz, M. B., Repetitive injections of dendritic cells matured with
tumor necrosis factor alpha induce antigen-specific protection of mice from autoimmunity. J
Exp Med 2002. 195: 15-21.

112 McGuirk, P., McCann, C. and Mills, K. H., Pathogen-specific T regulatory 1 cells induced
in the respiratory tract by a bacterial molecule that stimulates interleukin 10 production by
dendritic cells: a novel strategy for evasion of protective T helper type 1 responses by
Bordetella pertussis. J Exp Med 2002. 195: 221-231.

113 Lutz, M. and Schuler, G., Immature, semi-mature and fully mature dendritic cells: which
signals induce tolerance or immunity? Trends Immunol 2002. 23: 445.

114 Brunet, L. R., Finkelman, F. D., Cheever, A. W., Kopf, M. A. and Pearce, E. J., IL-4
protects against TNF-alpha-mediated cachexia and death during acute schistosomiasis. J
Immunol 1997.159:777-785.

115 MacDonald, A. S., Straw, A. D., Bauman, B. and Pearce, E. J., CD8- dendritic cell
activation status plays an integral role in influencing Th2 response development. J Immunol
2001.167:1982-1988.

116 Chow, A., Toomre, D., Garrett, W. and Mellman, I., Dendritic cell maturation triggers
retrograde MHC class II transport from lysosomes to the plasma membrane. Nature 2002.
418:988-994.

117 Kalinski, P., Schuitemaker, J. H., Hilkens, C. M., Wierenga, E. A. and Kapsenberg, M.
L., Final maturation of dendritic cells is associated with impaired responsiveness to IFN-
gamma and to bacterial IL-12 inducers: decreased ability ofmature dendritic cells to produce
IL-12 during the interaction with Th cells. J Immunol 1999. 162: 3231-3236.

161



118 Langenkamp, A., Messl, M., Lanzavecchia, A. and Sallusto, F., Kinetics of dendritic cell
activation: impact on priming of TH1, TH2 and nonpolarized T cells. Nat Immunol 2000. 1:
311-316.

119 Reis e Sousa, C., Yap, G., Schulz, O., Rogers, N., Schito, M., Aliberti, J., Hieny, S. and
Sher, A., Paralysis of dendritic cell IL-12 production by microbial products prevents
infection-induced immunopathology. Immunity 1999. 11: 637-647.

120 Frelinger, J. G., Hood, L., Hill, S. and Frelinger, J. A., Mouse epidermal la molecules
have a bone marrow origin. Nature 1979. 282: 321-323.

121 Peters, J. H., Gieseler, R., Thiele, B. and Steinbach, F., Dendritic cells: from ontogenetic
orphans to myelomonocytic descendants. Immunol Today 1996. 17: 273-278.

122 Inaba, K., Inaba, M., Deguchi, M., Hagi, K., Yasumizu, R., Ikehara, S., Muramatsu, S.
and Steinman, R. M., Granulocytes, macrophages, and dendritic cells arise from a common
major histocompatibility complex class II-negative progenitor in mouse bone marrow. Proc
Natl Acad Sci USA 1993. 90: 3038-3042.

123 Knight, S. C., Farrant, J., Bryant, A., Edwards, A. J., Burman, S., Lever, A., Clarke, J.
and Webster, A. D., Non-adherent, low-density cells from human peripheral blood contain
dendritic cells and monocytes, both with veiled morphology. Immunology 1986. 57: 595-603.

124 Randolph, G. J., Beaulieu, S., Lebecque, S., Steinman, R. M. and Muller, W. A.,
Differentiation ofmonocytes into dendritic cells in a model of transendothelial trafficking.
Science 1998. 282: 480-483.

125 Randolph, G. J., Inaba, K., Robbiani, D. F., Steinman, R. M. and Muller, W. A.,
Differentiation of phagocytic monocytes into lymph node dendritic cells in vivo. Immunity
1999.11:753-761.

126 Chomarat, P., Banchereau, J., Davoust, J. and Palucka, A. K., IL-6 switches the
differentiation ofmonocytes from dendritic cells to macrophages. Nat Immunol 2000. 1: 510-
514.

127 Jenkinson, E. J., Jhittay, P., Kingston, R. and Owen, J. J., Studies of the role of the
thymic environment in the induction of tolerance to MHC antigens. Transplantation 1985.
39: 331-333.

128 Fairchild, P. J. and Austyn, J. M., Thymic dendritic cells: phenotype and function. Int Rev
Immunol 1990. 6: 187-196.

129 Vremec, D., Zorbas, M., Scollay, R., Saunders, D. J., Ardavin, C. F., Wu, L. and
Shortman, K., The surface phenotype of dendritic cells purified from mouse thymus and
spleen: investigation of the CD8 expression by a subpopulation of dendritic cells. J Exp Med
1992.176:47-58.

130 Ardavin, C., Wu, L., Li, C. L. and Shortman, K., Thymic dendritic cells and T cells
develop simultaneously in the thymus from a common precursor population. Nature 1993.
362: 761-763.

131 Wu, L., Vremec, D., Ardavin, C., Winkel, K., Suss, G., Georgiou, H., Maraskovsky, E.,
Cook, W. and Shortman, K., Mouse thymus dendritic cells: kinetics of development and
changes in surface markers during maturation. Eur J Immunol 1995. 25: 418-425.

132 Grouard, G., Rissoan, M. C., Filgueira, L., Durand, I., Banchereau, J. and Liu, Y. J.,
The enigmatic plasmacytoid T cells develop into dendritic cells with interleukin (IL)-3 and
CD40-ligand. J Exp Med 1997. 185: 1101-1111.

133 Bjorck, P. and Kincade, P. W., CD 19+ pro-B cells can give rise to dendritic cells in vitro. J
Immunol 1998. 161: 5795-5799.

134 Asselin-Paturel, C., Boonstra, A., Dalod, M., Durand, I., Yessaad, N., Dezutter-
Dambuyant, C., Vicari, A., O'Garra, A., Biron, C., Briere, F. and Trinchieri, G., Mouse

162



135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

type I IFN-producing cells are immature APCs with plasmacytoid morphology. Nat Immunol
2001.2:1144-1150.

Nakano, H., Yanagita, M. and Gunn, M. D., CD1 lc(+)B220(+)Gr-l(+) cells in mouse
lymph nodes and spleen display characteristics of plasmacytoid dendritic cells. JExp Med
2001.194:1171-1178.

Hromas, R., Orazi, A., Neiman, R. S., Maki, R., Van Beveran, C., Moore, J. and
Klemsz, M., Hematopoietic lineage- and stage-restricted expression of the ETS oncogene
family member PU.l. Blood 1993. 82: 2998-3004.

Guerriero, A., Langmuir, P. B., Spain, L. M. and Scott, E. W., PU.l is required for
myeloid-derived but not lymphoid-derived dendritic cells. Blood 2000. 95: 879-885.

Burkly, L., Hession, C., Ogata, L., Reilly, C., Marconi, L. A., Olson, D., Tizard, R.,
Cate, R. and Lo, D., Expression of relB is required for the development of thymic medulla
and dendritic cells. Nature 1995. 373: 531-536.

Wu, L., D'Amico, A., Winkel, K. D., Suter, M., Lo, D. and Shortman, K., RelB is
essential for the development ofmyeloid-related CD8alpha- dendritic cells but not of
lymphoid-related CD8alpha+ dendritic cells. Immunity 1998. 9: 839-847.

Galy, A., Christopherson, I., Ferlazzo, G., Liu, G., Spits, H. and Georgopoulos, K.,
Distinct signals control the hematopoiesis of lymphoid-related dendritic cells. Blood 2000.
95: 128-137.

Georgopoulos, K., Bigby, M., Wang, J. H., Molnar, A., Wu, P., Winandy, S. and
Sharpe, A., The Ikaros gene is required for the development of all lymphoid lineages. Cell
1994.79:143-156.

Wu, L., Nichogiannopoulou, A., Shortman, K. and Georgopoulos, K., Cell-autonomous
defects in dendritic cell populations of Ikaros mutant mice point to a developmental
relationship with the lymphoid lineage. Immunity 1997. 7: 483-492.

Wang, J. H., Nichogiannopoulou, A., Wu, L., Sun, L., Sharpe, A. H., Bigby, M. and
Georgopoulos, K., Selective defects in the development of the fetal and adult lymphoid
system in mice with an Ikaros null mutation. Immunity 1996. 5: 537-549.

Saunders, D., Lucas, K., Ismaili, J., Wu, L., Maraskovsky, E., Dunn, A. and Shortman,
K., Dendritic cell development in culture from thymic precursor cells in the absence of
granulocyte/macrophage colony-stimulating factor. JExp Med 1996.184: 2185-2196.

Scott, C. L. and Begley, C. G., The beta common chain (beta c) of the granulocyte
macrophage-colony stimulating factor, interleukin-3 and interleukin-5 receptors. Int J
Biochem Cell Biol 1999. 31: 1011-1015.

Vremec, D., Lieschke, G. J., Dunn, A. R., Robb, L., Metcalf, D. and Shortman, K., The
influence of granulocyte/macrophage colony-stimulating factor on dendritic cell levels in
mouse lymphoid organs. Eur J Immunol 1997. 27: 40-44.

Wu, L., Antica, M., Johnson, G. R., Scollay, R. and Shortman, K., Developmental
potential of the earliest precursor cells from the adult mouse thymus. J Exp Med 1991. 174:
1617-1627.

Brocker, T., Survival ofmature CD4 T lymphocytes is dependent on major
histocompatibility complex class Il-expressing dendritic cells. JExp Med 1997. 186: 1223-
1232.

Shortman, K., Vremec, D., Corcoran, L. M., Georgopoulos, K., Lucas, K. and Wu, L.,
The linkage between T-cell and dendritic cell development in the mouse thymus. Immunol
Rev 1998. 165: 39-46.

Matzinger, P. and Guerder, S., Does T-cell tolerance require a dedicated antigen-
presenting cell? Nature 1989. 338: 74-76.

163



151 Fazekas de St Groth, B., The evolution of self-tolerance: a new cell arises to meet the
challenge of self-reactivity. Immunol Today 1998. 19: 448-454.

152 Maldonado-Lopez, R., De Smedt, T., Michel, P., Godfroid, J., Pajak, B., Heirman, C.,
Thielemans, K., Leo, O., Urbain, J. and Moser, M., CD8alpha+ and CD8alpha- subclasses
of dendritic cells direct the development of distinct T helper cells in vivo. J Exp Med 1999.
189: 587-592.

153 Shortman, K., Burnet oration: dendritic cells: multiple subtypes, multiple origins, multiple
functions. Immunol Cell Biol 2000. 78: 161-165.

154 Martinez del Hoyo, G., Martin, P., Arias, C. F., Marin, A. R. and Ardavin, C.,
CD8alpha+ dendritic cells originate from the CD8alpha- dendritic cell subset by a maturation
process involving CD8alpha, DEC-205, and CD24 up- regulation. Blood 2002. 99: 999-1004.

155 Kamath, A. T., Pooley, J., O'Keeffe, M. A., Vremec, D., Zhan, Y., Lew, A. M., D'Amico,
A., Wu, L., Tough, D. F. and Shortman, K., The development, maturation, and turnover
rate ofmouse spleen dendritic cell populations. J Immunol 2000. 165: 6762-6770.

156 Anjuere, F., Martinez del Hoyo, G., Martin, P. and Ardavin, C., Langerhans cells acquire
a CD8+ dendritic cell phenotype on maturation by CD40 ligation. JLeukoc Biol 2000. 67:
206-209.

157 Traver, D., Akashi, K., Manz, M., Merad, M., Miyamoto, T., Engleman, E. G. and
Weissman, I. L., Development of CD8alpha-positive dendritic cells from a common
myeloid progenitor. Science 2000. 290: 2152-2154.

158 Brasel, K., De Smedt, T., Smith, J. L. and Maliszewski, C. R., Generation of murine
dendritic cells from flt3-ligand-supplemented bone marrow cultures. Blood 2000. 96: 3029-
3039.

159 Suss, G. and Shortman, K., A subclass of dendritic cells kills CD4 T cells via Fas/Fas-
ligand- induced apoptosis. J Exp Med 1996. 183: 1789-1796.

160 Kronin, V., Winkel, K., Suss, G., Kelso, A., Heath, W., Kirberg, J., von Boehmer, H.
and Shortman, K., A subclass of dendritic cells regulates the response of naive CD8 T cells
by limiting their IL-2 production. J Immunol 1996. 157: 3819-3827.

161 Winkel, K. D., Kronin, V., Krummel, M. F. and Shortman, K., The nature of the signals
regulating CD8 T cell proliferative responses to CD8alpha+ or CD8alpha- dendritic cells.
Eur J Immunol 1997. 27: 3350-3359.

162 O'Connell, P. J., Li, W., Wang, Z., Specht, S. M., Logar, A. J. and Thomson, A. W.,
Immature and mature CD8alpha+ dendritic cells prolong the survival of vascularized heart
allografts. J Immunol 2002. 168: 143-154.

163 Belz, G. T., Behrens, G. M., Smith, C. M., Miller, J. F., Jones, C., Lejon, K., Fathman,
C. G., Mueller, S. N., Shortman, K., Carbone, F. R. and Heath, W. R., The CD8alpha(+)
dendritic cell is responsible for inducing peripheral self-tolerance to tissue-associated
antigens. JExp Med 2002. 196: 1099-1104.

164 Kurts, C., Kosaka, H., Carbone, F. R., Miller, J. F. and Heath, W. R., Class 1-restricted
cross-presentation of exogenous self-antigens leads to deletion of autoreactive CD8(+) T
cells. JExp Med 1997.186: 239-245.

165 den Haan, J. M., Lehar, S. M. and Bevan, M. J., CD8(+) but not CD8(-) dendritic cells
cross-prime cytotoxic T cells in vivo. J Exp Med 2000. 192: 1685-1696.

166 Pulendran, B., Smith, J. L., Caspary, G., Brasel, K., Pettit, D., Maraskovsky, E. and
Maliszewski, C. R., Distinct dendritic cell subsets differentially regulate the class of immune
response in vivo. Proc Natl Acad Sci U S A 1999. 96: 1036-1041.

167 Iwasaki, A. and Kelsall, B. L., Unique functions ofCDl lb+, CD8 alpha+, and double-
negative Peyer's patch dendritic cells. J Immunol 2001. 166: 4884-4890.

164



168 Moser, M. and Murphy, K. M., Dendritic cell regulation of TH1-TH2 development. Nat
Immunol 2000. 1: 199-205.

169 Liu, Y. J., Kanzler, H., Soumelis, V. and Gilliet, M., Dendritic cell lineage, plasticity and
cross-regulation. Nat Immunol 2001. 2: 585-589.

170 Smith, K. A., Interleukin-2: inception, impact, and implications. Science 1988. 240: 1169-
1176.

171 Sadlack, B., Merz, H., Schorle, H., Schimpl, A., Feller, A. C. and Horak, I., Ulcerative
colitis-like disease in mice with a disrupted interleukin-2 gene. Cell 1993. 75: 253-261.

172 Kneitz, B., Herrmann, T., Yonehara, S. and Schimpl, A., Normal clonal expansion but
impaired Fas-mediated cell death and anergy induction in interleukin-2-deficient mice. Eur J
Immunol 1995. 25: 2572-2577.

173 Van Parijs, L., Biuckians, A., Ibragimov, A., Alt, F. W., Willerford, D. M. and Abbas,
A. K., Functional responses and apoptosis of CD25 (IL-2R alpha)-deficient T cells
expressing a transgenic antigen receptor. J Immunol 1997. 158: 3738-3745.

174 Van Parijs, L., Refaeli, Y., Lord, J. D., Nelson, B. H., Abbas, A. K. and Baltimore, D.,
Uncoupling 1L-2 signals that regulate T cell proliferation, survival, and Fas-mediated
activation-induced cell death. Immunity 1999. 11: 281-288.

175 Refaeli, Y., Van Parijs, L., Alexander, S. I. and Abbas, A. K., Interferon gamma is
required for activation-induced death ofT lymphocytes. JExp Med 2002. 196: 999-1005.

176 Liu, Y. J., Dendritic cell subsets and lineages, and their functions in innate and adaptive
immunity. Cell 2001. 106: 259-262.

177 Res, P. C., Couwenberg, F., Vyth-Dreese, F. A. and Spits, H., Expression of pTalpha
mRNA in a committed dendritic cell precursor in the human thymus. Blood 1999. 94: 2647-
2657.

178 Spits, H., Couwenberg, F., Bakker, A. Q., Weijer, K. and Uittenbogaart, C. H., Id2 and
Id3 inhibit development of CD34(+) stem cells into predendritic cell (pre-DC)2 but not into
pre-DCl. Evidence for a lymphoid origin of pre-DC2. J Exp Med 2000. 192: 1775-1784.

179 Reid, S. D., Penna, G. and Adorini, L., The control ofT cell responses by dendritic cell
subsets. Curr Opin Immunol 2000. 12: 114-121.

180 Cella, M., Jarrossay, D., Facchetti, F., Alebardi, O., Nakajima, H., Lanzavecchia, A.
and Colonna, M., Plasmacytoid monocytes migrate to inflamed lymph nodes and produce
large amounts of type 1 interferon. Nat Med 1999. 5: 919-923.

181 Siegal, F. P., Kadowaki, N., Shodell, M., Fitzgerald-Bocarsly, P. A., Shah, K., Ho, S.,
Antonenko, S. and Liu, Y. J., The nature of the principal type 1 interferon-producing cells
in human blood. Science 1999.284: 1835-1837.

182 Kadowaki, N., Antonenko, S., Lau, J. Y. and Liu, Y. J., Natural interferon alpha/beta-
producing cells link innate and adaptive immunity. JExp Med 2000. 192: 219-226.

183 Bjorck, P., Isolation and characterization of plasmacytoid dendritic cells from Flt3 ligand
and granulocyte-macrophage colony-stimulating factor- treated mice. Blood 2001. 98: 3520-
3526.

184 Mcllroy, D., Autran, B., Cheynier, R., Wain-Hobson, S., Clauvel, J. P., Oksenhendler,
E., Debre, P. and Hosmalin, A., Infection frequency of dendritic cells and CD4+ T
lymphocytes in spleens of human immunodeficiency virus-positive patients. J Virol 1995.
69: 4737-4745.

185 Mcllroy, D., Troadec, C., Grassi, F., Samri, A., Barrou, B., Autran, B., Debre, P.,
Feuillard, J. and Hosmalin, A., Investigation of human spleen dendritic cell phenotype and
distribution reveals evidence of in vivo activation in a subset of organ donors. Blood 2001.
97: 3470-3477.

165



186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

Summers, K. L., Hock, B. D., McKenzie, J. L. and Hart, D. N., Phenotypic
characterization of five dendritic cell subsets in human tonsils. Am JPathol 2001.159: 285-
295.

Dzionek, A., Fuchs, A., Schmidt, P., Cremer, S., Zysk, M., Miltenyi, S., Buck, D. W. and
Schmitz, J., BDCA-2, BDCA-3, and BDCA-4: three markers for distinct subsets of dendritic
cells in human peripheral blood. J Immunol 2000. 165: 6037-6046.

Pulendran, B., Lingappa, J., Kennedy, M. K., Smith, J., Teepe, M., Rudensky, A.,
Maliszewski, C. R. and Maraskovsky, E., Developmental pathways of dendritic cells in
vivo: distinct function, phenotype, and localization of dendritic cell subsets in FLT3 ligand-
treated mice. J Immunol 1997.159: 2222-2231.

Vremec, D. and Shortman, K., Dendritic cell subtypes in mouse lymphoid organs: cross-
correlation of surface markers, changes with incubation, and differences among thymus,
spleen, and lymph nodes. J Immunol 1997. 159: 565-573.

Vremec, D., Pooley, J., Hochrein, H., Wu, L. and Shortman, K., CD4 and CD8
expression by dendritic cell subtypes in mouse thymus and spleen. J Immunol 2000. 164:
2978-2986.

Kadowaki, N., Ho, S., Antonenko, S., Malefyt, R. W., Kastelein, R. A., Bazan, F. and
Liu, Y. J., Subsets of human dendritic cell precursors express different toll-like receptors and
respond to different microbial antigens. J Exp Med 2001.194: 863-869.

Jarrossay, D., Napolitani, G., Colonna, M., Sallusto, F. and Lanzavecchia, A.,
Specialization and complementarity in microbial molecule recognition by human myeloid
and plasmacytoid dendritic cells. Eur J Immunol 2001. 31: 3388-3393.

Kadowaki, N., Antonenko, S., Ho, S., Rissoan, M. C., Soumelis, V., Porcelli, S. A.,
Lanier, L. L. and Liu, Y. J., Distinct cytokine profiles of neonatal natural killer T cells after
expansion with subsets of dendritic cells. JExp Med 2001. 193: 1221-1226.

Vandenabeele, S., Hochrein, H., Mavaddat, N., Winkel, K. and Shortman, K., Human
thymus contains 2 distinct dendritic cell populations. Blood 2001. 97: 1733-1741.

Kearney, E. R., Pape, K. A., Loh, D. Y. and Jenkins, M. K., Visualization of peptide-
specific T cell immunity and peripheral tolerance induction in vivo. Immunity 1994. 1: 327-
339.

Everson, M. P., Lemak, D. G., McGhee, J. R. and Beagley, K. W., FACS-sorted spleen
and Peyer's patch dendritic cells induce different responses in ThO clones. Adv Exp MedBiol
1997.417:357-362.

Iwasaki, A. and Kelsall, B. L., Freshly isolated Peyer's patch, but not spleen, dendritic cells
produce interleukin 10 and induce the differentiation ofT helper type 2 cells. JExp Med
1999.190:229-239.

Qian, S., Demetris, A. J., Murase, N., Rao, A. S., Fung, J. J. and Starzl, T. E., Murine
liver allograft transplantation: tolerance and donor cell chimerism. Hepatology 1994. 19:
916-924.

Rasmussen, A., Davies, H. F., Jamieson, N. V., Evans, D. B. and Calne, R. Y., Combined
transplantation of liver and kidney from the same donor protects the kidney from rejection
and improves kidney graft survival. Transplantation 1995. 59: 919-921.

Lu, L., Bonham, C. A., Liang, X., Chen, Z., Li, W., Wang, L., Watkins, S. C., Nalesnik,
M. A., Schlissel, M. S., Demestris, A. J., Fung, J. J. and Qian, S., Liver-derived
DEC205+B220+CD19- dendritic cells regulate T cell responses. J Immunol 2001. 166: 7042-
7052.

Ishizaka, S., Saito, S., Yoshikawa, M., Kimoto, M. and Nishiyama, T., 1L-10 production
in mouse hepatocytes augmented by TGF-beta. Cytokine 1996. 8: 837-843.

166



202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

Rai, R. M., Loffreda, S., Karp, C. L., Yang, S. Q., Lin, H. Z. and Diehl, A. M., Kupffer
cell depletion abolishes induction of interleukin-10 and permits sustained overexpression of
tumor necrosis factor alpha messenger RNA in the regenerating rat liver. Hepatology 1997.
25: 889-895.

Shin, E. C., Choi, Y. H., Kim, J. S., Kim, S. J. and Park, J. H., Expression patterns of
cytokines and chemokines genes in human hepatoma cells. Yonsei Med J 2002. 43: 657-664.

Yamaguchi, Y., Tsumura, H., Miwa, M. and Inaba, K., Contrasting effects of TGF-beta 1
and TNF-alpha on the development of dendritic cells from progenitors in mouse bone
marrow. Stem Cells 1997. 15: 144-153.

Steinbrink, K., Wolfl, M., Jonuleit, H., Knop, J. and Enk, A. H., Induction of tolerance
by IL-10-treated dendritic cells. J Immunol 1997. 159: 4772-4780.

Sato, M., Iwakabe, K., Kimura, S. and Nishimura, T., Functional skewing of bone
marrow-derived dendritic cells by Thl- or Th2-inducing cytokines. Immunol Lett 1999. 67:
63-68.

Cella, ML, Facchetti, F., Lanzavecchia, A. and Colonna, M., Plasmacytoid dendritic cells
activated by influenza virus and CD40L drive a potent TH1 polarization. Nat Immunol 2000.
1:305-310.

Whelan, M., Harnett, M. M., Houston, K. M., Patel, V., Harnett, W. and Rigley, K. P.,
A filarial nematode-secreted product signals dendritic cells to acquire a phenotype that drives
development of Th2 cells. J Immunol 2000. 164: 6453-6460.

d'Ostiani, C. F., Del Sero, G., Bacci, A., Montagnoli, C., Spreca, A., Mencacci, A.,
Ricciardi-Castagnoli, P. and Romani, L., Dendritic cells discriminate between yeasts and
hyphae of the fungus Candida albicans. Implications for initiation ofT helper cell immunity
in vitro and in vivo. JExp Med 2000. 191: 1661-1674.

Fiorentino, D. F., Bond, M. W. and Mosmann, T. R., Two types ofmouse T helper cell.
IV. Th2 clones secrete a factor that inhibits cytokine production by Thl clones. JExp Med
1989.170:2081-2095.

Moore, K. W., O'Garra, A., de Waal Malefyt, R., Vieira, P. and Mosmann, T. R.,
Interleukin-10. Annu Rev Immunol 1993. 11: 165-190.

Corinti, S., Albanesi, C., la Sala, A., Pastore, S. and Girolomoni, G., Regulatory activity
of autocrine IL-lOon dendritic cell functions. J Immunol 2001. 166: 4312-4318.

de Waal Malefyt, R., Haanen, J., Spits, H., Roncarolo, M. G., te Velde, A., Figdor, C.,
Johnson, K., Kastelein, R., Yssel, H. and de Vries, J. E., Interleukin 10 (IL-10) and viral
IL-10 strongly reduce antigen-specific human T cell proliferation by diminishing the antigen-
presenting capacity ofmonocytes via downregulation of class II major histocompatibility
complex expression. JExp Med 1991. 174: 915-924.

Chang, C. H., Furue, M. and Tamaki, K., Selective regulation of ICAM-1 and major
histocompatibility complex class I and II molecule expression on epidermal Langerhans cells
by some of the cytokines released by keratinocytes and T cells. Eur J Immunol 1994. 24:
2889-2895.

Fiorentino, D. F., Zlotnik, A., Vieira, P., Mosmann, T. R., Howard, M., Moore, K. W.
and O'Garra, A., IL-10 acts on the antigen-presenting cell to inhibit cytokine production by
Thl cells. J Immunol 1991. 146: 3444-3451.

Jonuleit, H., Schmitt, E., Steinbrink, K. and Enk, A. H., Dendritic cells as a tool to induce
anergic and regulatory T cells. Trends Immunol 2001. 22: 394-400.

Inaba, K., Turley, S., Yamaide, F., Iyoda, T., Mahnke, K., Inaba, M., Pack, M.,
Subklewe, M., Sauter, B., Sheff, D., Albert, M., Bhardwaj, N., Mellman, I. and
Steinman, R. M., Efficient presentation of phagocytosed cellular fragments on the major
histocompatibility complex class II products of dendritic cells. JExp Med 1998. 188: 2163-
2173.

167



218 Moser, M., De Smedt, T., Sornasse, T., Tielemans, F., Chentoufi, A. A., Muraille, E.,
Van Mechelen, ML, Urbain, J. and Leo, O., Glucocorticoids down-regulate dendritic cell
function in vitro and in vivo. Eur J Immunol 1995. 25: 2818-2824.

219 Griffin, M. D., Lutz, W., Phan, V. A., Bachman, L. A., McKean, D. J. and Kumar, R.,
Dendritic cell modulation by 1 alpha,25 dihydroxyvitamin D3 and its analogs: a vitamin D
receptor-dependent pathway that promotes a persistent state of immaturity in vitro and in
vivo. Proc Natl Acad Sci USA 2001. 98: 6800-6805.

220 Steinman, R. M. and Nussenzweig, M. C., Avoiding horror autotoxicus: the importance of
dendritic cells in peripheral T cell tolerance. Proc Natl Acad Sci USA 2002. 99: 351-358.

221 Loza, M. J. and Perussia, B., Final steps of natural killer cell maturation: a model for type
1-type 2 differentiation? Nat Immunol 2001. 2: 917-924.

222 Grabbe, S., Kampgen, E. and Schuler, G., Dendritic cells: multi-lineal and multi¬
functional. Immunol Today 2000. 21: 431-433.

223 Edwards, A. D., Manickasingham, S. P., Sporri, R., Diebold, S. S., Schulz, O., Sher, A.,
Kaisho, T., Akira, S. and Reis, E. S. C., Microbial recognition via toll-like receptor-
dependent and -independent pathways determines the cytokine response ofmurine dendritic
cell subsets to CD40 triggering. J Immunol 2002. 169: 3652-3660.

224 Geijtenbeek, T. B., Krooshoop, D. J., Bleijs, D. A., van Vliet, S. J., van Duijnhoven, G.
C., Grabovsky, V., Alon, R., Figdor, C. G. and van Kooyk, Y., DC-SIGN-ICAM-2
interaction mediates dendritic cell trafficking. Nat Immunol 2000. 1: 353-357.

225 Dustin, M. L. and Springer, T. A., T-cell receptor cross-linking transiently stimulates
adhesiveness through LFA-1. Nature 1989. 341: 619-624.

226 Dustin, M. L. and Cooper, J. A., The immunological synapse and the actin cytoskeleton:
molecular hardware for T cell signaling. Nat Immunol 2000. 1: 23-29.

221 Bromley, S. K., Burack, W. R., Johnson, K. G., Somersalo, K., Sims, T. N., Sumen, C.,
Davis, M. M., Shaw, A. S., Allen, P. M. and Dustin, M. L., The immunological synapse.
Annu Rev Immunol 2001. 19: 375-396.

228 Shaw, A. S. and Dustin, M. L., Making the T cell receptor go the distance: a topological
view ofT cell activation. Immunity 1997. 6: 361-369.

229 Kupfer, A. and Singer, S. J., Cell biology of cytotoxic and helper T cell functions:
immunofluorescence microscopic studies of single cells and cell couples. Annu Rev Immunol
1989. 7: 309-337.

230 Lanzavecchia, A. and Sallusto, F., Antigen decoding by T lymphocytes: from synapses to
fate determination. Nat Immunol 2001. 2: 487-492.

231 Valitutti, S., Muller, S., Cella, M., Padovan, E. and Lanzavecchia, A., Serial triggering of
many T-cell receptors by a few peptide-MFIC complexes. Nature 1995. 375: 148-151.

232 Itoh, Y., Hemmer, B., Martin, R. and Germain, R. N., Serial TCR engagement and down-
modulation by peptide:MHC molecule ligands: relationship to the quality of individual TCR
signaling events. J Immunol 1999. 162: 2073-2080.

233 Rachmilewitz, J. and Lanzavecchia, A., A temporal and spatial summation model for T-
cell activation: signal integration and antigen decoding. Trends Immunol 2002. 23: 592-595.

234 Weiss, A. and Imboden, J. B., Cell surface molecules and early events involved in human T
lymphocyte activation. Adv Immunol 1987. 41: 1-38.

235 Weiss, A., T cell antigen receptor signal transduction: a tale of tails and cytoplasmic protein-
tyrosine kinases. Cell 1993. 73: 209-212.

236 Acuto, O. and Cantrell, D., T cell activation and the cytoskeleton. Annu Rev Immunol 2000.
18: 165-184.

168



237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

Herndon, T. M., Shan, X. C., Tsokos, G. C. and Wange, R. L., ZAP-70 and SLP-76
regulate protein kinase C-theta and NF-kappa B activation in response to engagement of CD3
and CD28. J Immunol 2001. 166: 5654-5664.

Viola, A. and Lanzavecchia, A., T cell activation determined by T cell receptor number and
tunable thresholds. Science 1996. 273: 104-106.

Viola, A., Schroeder, S., Sakakibara, Y. and Lanzavecchia, A., T lymphocyte
costimulation mediated by reorganization ofmembrane microdomains. Science 1999. 283:
680-682.

Fagnoni, F. F., Takamizawa, M., Godfrey, W. R., Rivas, A., Azuma, M., Okumura, K.
and Engleman, E. G., Role of B70/B7-2 in CD4+ T-cell immune responses induced by
dendritic cells. Immunology 1995. 85: 467-474.

DeBenedette, M. A., Shahinian, A., Mak, T. W. and Watts, T. H., Costimulation of
CD28- T lymphocytes by 4-1BB ligand. J Immunol 1997. 158: 551-559.

Kim, Y. J., Kim, S. H., Mantel, P. and Kwon, B. S., Human 4-IBB regulates CD28 co-
stimulation to promote Thl cell responses. Eur J Immunol 1998. 28: 881-890.

Caux, C., Massacrier, C., Vanbervliet, B., Dubois, B., Van Kooten, C., Durand, I. and
Banchereau, J., Activation of human dendritic cells through CD40 cross-linking. J Exp Med
1994.180:1263-1272.

Ohshima, Y., Tanaka, Y., Tozawa, H., Takahashi, Y., Maliszewski, C. and Delespesse,
G., Expression and function ofOX40 ligand on human dendritic cells. J Immunol 1997.159:
3838-3848.

Granucci, F., Andrews, D. M., Degli-Esposti, M. A. and Ricciardi-Castagnoli, P., IL-2
mediates adjuvant effect of dendritic cells. Trends Immunol 2002. 23: 169-171.

Anderson, D. M., Maraskovsky, E., Billingsley, W. L., Dougall, W. C., Tometsko, M. E.,
Roux, E. R., Teepe, M. C., DuBose, R. F., Cosman, D. and Galibert, L., A homologue of
the TNF receptor and its ligand enhance T-cell growth and dendritic-cell function. Nature
1997. 390: 175-179.

Wong, B. R., Josien, R., Lee, S. Y., Sauter, B., Li, H. L., Steinman, R. M. and Choi, Y.,
TRANCE (tumor necrosis factor [TNF]-related activation-induced cytokine), a new TNF
family member predominantly expressed in T cells, is a dendritic cell-specific survival factor.
J Exp Med 1997. 186: 2075-2080.

Grohmann, U., Orabona, C., Fallarino, F., Vacca, C., Calcinaro, F., Falorni, A.,
Candeloro, P., Belladonna, M. L., Bianchi, R., Fioretti, M. C. and Puccetti, P., CTLA-4-
Ig regulates tryptophan catabolism in vivo. Nat Immunol 2002. 3: 1097-1101.

Finger, E. B. and Bluestone, J. A., When ligand becomes receptor—tolerance via B7
signaling on DCs. Nat Immunol 2002. 3: 1056-1057.

Brocker, T., Gulbranson-Judge, A., Flynn, S., Riedinger, M., Raykundalia, C. and
Lane, P., CD4 T cell traffic control: in vivo evidence that ligation of OX40 on CD4 T cells
by OX40-ligand expressed on dendritic cells leads to the accumulation ofCD4 T cells in B
follicles. Eur J Immunol 1999. 29: 1610-1616.

Mosmann, T. R., Cherwinski, H., Bond, M. W., Giedlin, M. A. and Coffman, R. L., Two
types of murine helper T cell clone. I. Definition according to profiles of lymphokine
activities and secreted proteins. J Immunol 1986. 136: 2348-2357.

0_Garra, A., Cytokines induce the development of functionally heterogeneous T helper cell
subsets. Immunity 1998. 8: 275-283.

Sher, A. and Coffman, R. L., Regulation of immunity to parasites by T cells and T cell-
derived cytokines. Annu Rev Immunol 1992. 10: 385-409.

Fitch, F. W., McKisic, M. D., Lancki, D. W. and Gajewski, T. F., Differential regulation
ofmurine T lymphocyte subsets. Annu Rev Immunol 1993. 11: 29-48.

169



255 Croft, M., Carter, L., Swain, S. L. and Dutton, R. W., Generation of polarized antigen-
specific CD8 effector populations: reciprocal action of interleukin (IL)-4 and IL-12 in
promoting type 2 versus type 1 cytokine profiles. JExp Med 1994. 180: 1715-1728.

256 Harris, D. P., Haynes, L., Sayles, P. C., Duso, D. K., Eaton, S. M., Lepak, N. M.,
Johnson, L. L., Swain, S. L. and Lund, F. E., Reciprocal regulation of polarized cytokine
production by effector B and T cells. Nat Immunol 2000. 1: 475-482.

257 Colonna, M., Can we apply the TH1-TH2 paradigm to all lymphocytes? Nat Immunol 2001.
2: 899-900.

258 Takenaka, H., Maruo, S., Yamamoto, N., Wysocka, M., Ono, S., Kobayashi, M., Yagita,
H., Okumura, K., Hamaoka, T., Trinchieri, G. and Fujiwara, H., Regulation ofT cell-
dependent and -independent IL-12 production by the three Th2-type cytokines IL-10, IL-6,
and IL-4. JLeukoc Biol 1997. 61: 80-87.

259 Snijders, A., Kalinski, P., Hilkens, C. M. and Kapsenberg, M. L., High-level IL-12
production by human dendritic cells requires two signals. Int Immunol 1998. 10: 1593-1598.

260 Schulz, O., Edwards, A. D., Schito, M., Aliberti, J., Manickasingham, S., Sher, A. and
Reis e Sousa, C., CD40 triggering of heterodimeric IL-12 p70 production by dendritic cells
in vivo requires a microbial priming signal. Immunity 2000. 13: 453-462.

261 MacDonald, A. S., Straw, A. D., Dalton, N. M. and Pearce, E. J., Cutting edge: Th2
response induction by dendritic cells: a role for CD40. J Immunol 2002. 168: 537-540.

262 Kuchroo, V. K., Das, M. P., Brown, J. A., Ranger, A. M., Zamvil, S. S., Sobel, R. A.,
Weiner, H. L., Nabavi, N. and Glimcher, L. H., B7-1 and B7-2 costimulatory molecules
activate differentially the Thl/Th2 developmental pathways: application to autoimmune
disease therapy. Cell 1995. 80: 707-718.

263 Schweitzer, A. N., Borriello, F., Wong, R. C., Abbas, A. K. and Sharpe, A. H., Role of
costimulators in T cell differentiation: studies using antigen- presenting cells lacking
expression ofCD80 or CD86. J Immunol 1997. 158:2713-2722.

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

265 Lane, P., Role ofOX40 signals in coordinating CD4 T cell selection, migration, and
cytokine differentiation in T helper (Th)l and Th2 cells. JExp Med 2000. 191: 201-206.

266 Higgins, L. M., McDonald, S. A., Whittle, N., Crockett, N., Shields, J. G. and
MacDonald, T. T., Regulation ofT cell activation in vitro and in vivo by targeting the
0X40-0X40 ligand interaction: amelioration of ongoing inflammatory bowel disease with an
OX40-IgG fusion protein, but not with an OX40 ligand-IgG fusion protein. J Immunol 1999.
162:486-493.

267 Weinberg, A. D., Wegmann, K. W., Funatake, C. and Whitham, R. H., Blocking OX-
40/OX-40 ligand interaction in vitro and in vivo leads to decreased T cell function and
amelioration of experimental allergic encephalomyelitis. J Immunol 1999. 162: 1818-1826.

268 Imura, A., Hori, T., Imada, K., Ishikawa, T., Tanaka, Y., Maeda, M., Imamura, S. and
Uchiyama, T., The human OX40/gp34 system directly mediates adhesion of activated T
cells to vascular endothelial cells. J Exp Med 1996.183: 2185-2195.

269 Chen, A. L, McAdam, A. J., Buhbnann, J. E., Scott, S., Lupher, M. L., Jr., Greenfield,
E. A., Baum, P. R., Fanslow, W. C., Calderhead, D. M., Freeman, G. J. and Sharpe, A.
H., Ox40-ligand has a critical costimulatory role in dendritic cell:T cell interactions.
Immunity 1999. 11: 689-698.

270 Jankovic, D., Kullberg, M. C., Hieny, S., Caspar, P., Collazo, C. M. and Sher, A., In the
absence of IL-12, CD4(+) T cell responses to intracellular pathogens fail to default to a Th2
pattern and are host protective in an IL-10(-/-) setting. Immunity 2002. 16: 429-439.

170



271 Skok, J., Poudrier, J. and Gray, D., Dendritic cell-derived IL-12 promotes B cell induction
of Th2 differentiation: a feedback regulation ofThl development. J Immunol 1999. 163:
4284-4291.

272 Kaisho, T., Hoshino, K., Iwabe, T., Takeuchi, O., Yasui, T. and Akira, S., Endotoxin can
induce MyD88-deficient dendritic cells to support T(h)2 cell differentiation. International
Immunology 2002. 14: 695-700.

273 Barton, G. M. and Medzhitov, R., Control of adaptive immune responses by Toll-like
receptors. Curr Opin Immunol 2002. 14: 380-383.

274 Burnet, M., The clonal selection theory ofacquired immunity. Vanderbilt University Press,
Nashville: 1959.

275 Liu, G. Y., Fairchild, P. J., Smith, R. M., Prowle, J. R., Kioussis, D. and Wraith, D. C.,
Low avidity recognition of self-antigen by T cells permits escape from central tolerance.
Immunity 1995. 3: 407-415.

276 Garside, P. and Mowat, A. M., Oral tolerance. Semin Immunol 2001. 13: 177-185.

277 Medawar, P., Immunity to homologous grafted skin. III. The fate of skin homografts
transplanted to the brain, to subcutaneous tissue and to the anterior chamber of the eye. Br J
Exp Pathol 1948. 29: 58-69.

278 Barker, C. F. and Billingham, R. E., Immunologically privileged sites. Adv Immunol 1977.
25: 1-54.

279 Rowland, Blood-brain barrier, cerebrospinal fluid, brain edema and hydrocephalus. In
Kandel, E. R. and Schwartz, J. H. (Eds.) Principles ofNeuroscience. Elsevier, Amsterdam
1985, pp 837-844.

280 Miller, J. F. and Heath, W. R., Self-ignorance in the peripheral T-cell pool. Immunol Rev
1993. 133: 131-150.

281 Cserr, H. F. and Knopf, P. M., Cervical lymphatics, the blood-brain barrier and the
immunoreactivity of the brain: a new view. Immunol Today 1992. 13: 507-512.

282 Sedgwick, J. D., Immune surveillance and autoantigen recognition in the central nervous
system. Aust N Z JMed 1995. 25: 784-792.

283 Griffith, T. S., Brunner, T., Fletcher, S. M., Green, D. R. and Ferguson, T. A., Fas
ligand-induced apoptosis as a mechanism of immune privilege. Science 1995. 270: 1189-
1192.

284 Steinman, R. M., The dendritic cell system and its role in immunogenicity. Annu Rev
Immunol 1991. 9: 271-296.

285 McMenamin, P. G., The distribution of immune cells in the uveal tract of the normal eye.
Eye 1997. 11: 183-193.

286 Cash, E. and Rott, O., Microglial cells qualify as the stimulators of unprimed CD4+ and
CD8+ T lymphocytes in the central nervous system. Clin Exp Immunol 1994. 98: 313-318.

287 Inaba, K., Inaba, M., Witmer-Pack, M., Hatchcock, K., Hodes, R. and Steinman, R. M.,
Expression of B7 costimulator molecules on mouse dendritic cells. Adv Exp Med Biol 1995.
378: 65-70.

288 Ford, A. L., Foulcher, E., Lemckert, F. A. and Sedgwick, J. D., Microglia induce CD4 T
lymphocyte final effector function and death. J Exp Med 1996. 184: 1737-1745.

289 Johnson, J. G. and Jenkins, M. K., The role of anergy in peripheral T cell
unresponsiveness. Life Sci 1994. 55: 1767-1780.

290 Schwartz, R. H., T cell clonal anergy. Curr Opin Immunol 1997. 9: 351-357.

171



291 Lamb, J. R., Skidmore, B. J., Green, N., Chiller, J. M. and Feldmann, M., Induction of
tolerance in influenza virus-immune T lymphocyte clones with synthetic peptides of
influenza hemagglutinin. J Exp Med 1983. 157: 1434-1447.

292 Jenkins, M. K. and Schwartz, R. H., Antigen presentation by chemically modified
splenocytes induces antigen-specific T cell unresponsiveness in vitro and in vivo. JExp Med
1987.165:302-319.

293 Quill, H. and Schwartz, R. H., Stimulation of normal inducer T cell clones with antigen
presented by purified la molecules in planar lipid membranes: specific induction of a long-
lived state of proliferative nonresponsiveness. J Immunol 1987.138: 3704-3712.

294 Harding, F. A., McArthur, J. G., Gross, J. A., Raulet, D. H. and Allison, J. P., CD28-
mediated signalling co-stimulates murine T cells and prevents induction of anergy in T-cell
clones. Nature 1992. 356: 607-609.

295 Schwartz, R. H., A cell culture model for T lymphocyte clonal anergy. Science 1990. 248:
1349-1356.

296 Pape, K. A., Merica, R., Mondino, A., Khoruts, A. and Jenkins, M. K., Direct evidence
that functionally impaired CD4+ T cells persist in vivo following induction of peripheral
tolerance. J Immunol 1998. 160: 4719-4729.

297 MacDonald, T. T., Suppressor T cells, rebranded as regulatory T cells, emerge from the
wilderness bearing surface markers. Gut 2002. 51: 311-312.

298 Rocken, M. and Shevach, E. M., Immune deviation—the third dimension of nondeletional T
cell tolerance. Immunol Rev 1996. 149: 175-194.

299 Ganschow, R., Nolkemper, D., Hoffmann, T., Gieseking, J., Rogiers, X., Broelsch, C. E.
and Burdelski, M., Influence of Thl and Th2 cytokine patterns on graft acceptance in
pediatric liver transplantation. Transplant Proc 1999. 31: 465-466.

300 Cua, D. J., Hinton, D. R. and Stohlman, S. A., Self-antigen-induced Th2 responses in
experimental allergic encephalomyelitis (EAE)-resistant mice. Th2-mediated suppression of
autoimmune disease. J Immunol 1995. 155: 4052-4059.

301 Walport, M. J., Lupus, DNase and defective disposal of cellular debris. Nat Genet 2000. 25:
135-136.

302 Curotto de Lafaille, M. A. and Lafaille, J. J., CD4(+) regulatory T cells in autoimmunity
and allergy. Curr Opin Immunol 2002. 14: 771-778.

303 Powrie, F., Leach, M. W., Mauze, S., Caddie, L. B. and Coffman, R. L., Phenotypically
distinct subsets of CD4+ T cells induce or protect from chronic intestinal inflammation in C.
B-17 scid mice. Int Immunol 1993. 5: 1461-1471.

304 Morrissey, P. J., Charrier, K., Braddy, S., Liggitt, D. and Watson, J. D., CD4+ T cells
that express high levels ofCD45RB induce wasting disease when transferred into congenic
severe combined immunodeficient mice. Disease development is prevented by cotransfer of
purified CD4+ T cells. J Exp Med 1993. 178: 237-244.

305 Sakaguchi, S., Sakaguchi, N., Asano, M., Itoh, M. and Toda, M., Immunologic self-
tolerance maintained by activated T cells expressing IL-2 receptor alpha-chains (CD25).
Breakdown of a single mechanism of self-tolerance causes various autoimmune diseases. J
Immunol 1995. 155: 1151-1164.

306 Takahashi, T., Kuniyasu, Y., Toda, M., Sakaguchi, N., Itoh, M., Iwata, M., Shimizu, J.
and Sakaguchi, S., Immunologic self-tolerance maintained by CD25+CD4+ naturally
anergic and suppressive T cells: induction of autoimmune disease by breaking their
anergic/suppressive state. Int Immunol 1998. 10: 1969-1980.

307 Read, S., Mauze, S., Asseman, C., Bean, A., Coffman, R. and Powrie, F., CD38+
CD45RB(low) CD4+ T cells: a population ofT cells with immune regulatory activities in
vitro. Eur J Immunol 1998. 28: 3435-3447.

172



308 Singh, B., Read, S., Asseman, C., Malmstrom, V., Mottet, C., Stephens, L. A.,
Stepankova, R., Tlaskalova, H. and Powrie, F., Control of intestinal inflammation by
regulatory T cells. Immunol Rev 2001. 182: 190-200.

309 Sakaguchi, S., Regulatory T cells: key controllers of immunologic self-tolerance. Cell 2000.
101:455-458.

310 Thornton, A. M. and Shevach, E. M., Suppressor effector function ofCD4+CD25+
immunoregulatory T cells is antigen nonspecific. J Immunol 2000. 164: 183-190.

311 Roncarolo, M. G., Bacchetta, R., Bordignon, C., Narula, S. and Levings, M. K., Type 1
T regulatory cells. Immunol Rev 2001. 182: 68-79.

312 Weiner, H. L., Induction and mechanism of action of transforming growth factor-beta-
secreting Th3 regulatory cells. Immunol Rev 2001. 182: 207-214.

313 Nakamura, K., Kitani, A. and Strober, W., Cell contact-dependent immunosuppression by
CD4(+)CD25(+) regulatory T cells is mediated by cell surface-bound transforming growth
factor beta. J Exp Med 2001. 194: 629-644.

314 Shevach, E. M., CD4+ CD25+ suppressor T cells: more questions than answers. Nat Rev
Immunol 2002. 2: 389-400.

315 Kulkarni, A. B., Huh, C. G., Becker, D., Geiser, A., Lyght, M., Flanders, K. C., Roberts,
A. B., Sporn, M. B., Ward, J. M. and Karlsson, S., Transforming growth factor beta 1 null
mutation in mice causes excessive inflammatory response and early death. Proc Natl Acad
Sci USA 1993. 90: 770-774.

316 Powrie, F., Correa-Oliveira, R., Mauze, S. and Coffman, R. L., Regulatory interactions
between CD45RBhigh and CD45RBlow CD4+ T cells are important for the balance between
protective and pathogenic cell- mediated immunity. JExp Med 1994. 179: 589-600.

317 Groux, H., O'Garra, A., Bigler, M., Rouleau, M., Antonenko, S., de Vries, J. E. and
Roncarolo, M. G., A CD4+ T-cell subset inhibits antigen-specific T-cell responses and
prevents colitis. Nature 1997. 389: 737-742.

318 Powrie, F., T cells in inflammatory bowel disease: protective and pathogenic roles. Immunity
1995.3:171-174.

319 Kitani, A., Chua, K., Nakamura, K. and Strober, W., Activated self-MHC-reactive T cells
have the cytokine phenotype of Th3/T regulatory cell 1 T cells. J Immunol 2000. 165: 691 -
702.

320 Cavani, A., Nasorri, F., Prezzi, C., Sebastiani, S., Albanesi, C. and Girolomoni, G.,
Human CD4+ T lymphocytes with remarkable regulatory functions on dendritic cells and
nickel-specific Thl immune responses. J Invest Dermatol 2000. 114: 295-302.

321 Miller, A., Lider, O., Roberts, A. B., Sporn, M. B. and Weiner, H. L., Suppressor T cells
generated by oral tolerization to myelin basic protein suppress both in vitro and in vivo
immune responses by the release of transforming growth factor beta after antigen-specific
triggering. Proc Natl Acad Sci U S A 1992. 89: 421 -425.

322 Chen, Y., Kuchroo, V. K., Inobe, J., Haller, D. A. and Weiner, H. L., Regulatory T cell
clones induced by oral tolerance: suppression of autoimmune encephalomyelitis. Science
1994. 265: 1237-1240.

323 Fukaura, H., Kent, S. C., Pietrusewicz, M. J., Khoury, S. J., Weiner, H. L. and Hafler,
D. A., Induction of circulating myelin basic protein and proteolipid protein- specific
transforming growth factor-beta 1-secreting Th3 T cells by oral administration of myelin in
multiple sclerosis patients. J Clin Invest 1996. 98: 70-77.

324 Weiner, H. L., The mucosal milieu creates tolerogenic dendritic cells and T(R)1 and T(H)3
regulatory cells. Nat Immunol 2001. 2: 671-672.

173



325 Dhodapkar, M. V., Steinman, R. M., Krasovsky, J., Munz, C. and Bhardwaj, N.,
Antigen-specific inhibition of effector T cell function in humans after injection of immature
dendritic cells. JExp Med 2001. 193: 233-238.

326 Gonzalez, A., Andre-Schmutz, I., Carnaud, C., Mathis, D. and Benoist, C., Damage
control, rather than unresponsiveness, effected by protective DX5+ T cells in autoimmune
diabetes. Nat Immunol 2001. 2: 1117-1125.

327 Fillatreau, S., Sweenie, C. H., McGeachy, M. J., Gray, D. and Anderton, S. M., B cells
regulate autoimmunity by provision of IL-10. Nat Immunol 2002. 3: 944-950.

328 Hawiger, D., Inaba, K., Dorsett, Y., Guo, M., Mahnke, K., Rivera, M., Ravetch, J. V.,
Steinman, R. M. and Nussenzweig, M. C., Dendritic cells induce peripheral T cell
unresponsiveness under steady state conditions in vivo. JExp Med 2001. 194: 769-779.

329 Jonuleit, H., Schmitt, E., Schuler, G., Knop, J. and Enk, A. H., Induction of interleukin
10-producing, nonproliferating CD4(+) T cells with regulatory properties by repetitive
stimulation with allogeneic immature human dendritic cells. JExp Med 2000. 192: 1213-
1222.

330 Akbari, O., DeKruyff, R. H. and Umetsu, D. T., Pulmonary dendritic cells producing IL-
10 mediate tolerance induced by respiratory exposure to antigen. Nat Immunol 2001. 2: 725-
731.

331 Piccirillo, C. A. and Shevach, E. M., Cutting edge: control ofCD8+ T cell activation by
CD4+CD25+ immunoregulatory cells. J Immunol 2001. 167: 1137-1140.

332 Harber, M. A., Nicolson, K. S. and Wraith, D. C., Suppression mediated by Trl regulatory
cells is antigen presenting cell (APC) dependent. Immunology 2002. 107: Al.l.

333 Chang, C. C., Ciubotariu, R., Manavalan, J. S., Yuan, J., Colovai, A. I., Piazza, F.,
Lederman, S., Colonna, M., Cortesini, R., Dalla-Favera, R. and Suciu-Foca, N.,
Tolerization of dendritic cells by T(S) cells: the crucial role of inhibitory receptors ILT3 and
ILT4. Nat Immunol 2002. 3: 237-243.

334 Murphy, K. M., Heimberger, A. B. and Loh, D. Y., Induction by antigen of intrathymic
apoptosis of CD4+CD8+TCRlo thymocytes in vivo. Science 1990. 250: 1720-1723.

335 Inaba, K., Inaba, M., Romani, N., Aya, H., Deguchi, M., Ikehara, S., Muramatsu, S. and
Steinman, R. M., Generation of large numbers of dendritic cells from mouse bone marrow
cultures supplemented with granulocyte/macrophage colony-stimulating factor. J Exp Med
1992. 176: 1693-1702.

336 Stockinger, B., Zal, T., ZaI, A. and Gray, D., B cells solicit their own help from T cells. J
Exp Med 1996. 183: 891-899.

337 Lyons, A. B. and Parish, C. R., Determination of lymphocyte division by flow cytometry. J
Immunol Methods 1994. 171: 131-137.

338 Karasuyama, H., Kudo, A. and Melchers, F., The proteins encoded by the VpreB and
lambda 5 pre-B cell-specific genes can associate with each other and with mu heavy chain. J
Exp Med 1990. 172: 969-972.

339 Heid, C. A., Stevens, J., Livak, K. J. and Williams, P. M., Real time quantitative PCR.
Genome Res 1996. 6: 986-994.

340 Beech, J. T., Bainbridge, T. and Thompson, S. J., Incorporation of cells into an ELISA
system enhances antigen-driven lymphokine detection. J Immunol Methods 1997. 205: 163-
168.

341 Grabbe, S. and Schwarz, T., Immunoregulatory mechanisms involved in elicitation of
allergic contact hypersensitivity. Immunol Today 1998. 19: 37-44.

342 Brocker, T., The role of dendritic cells in T cell selection and survival. J Leukoc Biol 1999.
66: 331-335.

174



343 Vieira, P. L., de Jong, E. C., Wierenga, E. A., Kapsenberg, M. L. and Kalinski, P.,
Development ofThl-inducing capacity in myeloid dendritic cells requires environmental
instruction. J Immunol 2000. 164: 4507-4512.

344 Kalinski, P., Vieira, P. L., Schuitemaker, J. H., de Jong, E. C. and Kapsenberg, M. L.,
Prostaglandin E(2) is a selective inducer of interleukin-12 p40 (IL- 12p40) production and an
inhibitor ofbioactive IL-12p70 heterodimer. Blood 2001. 97: 3466-3469.

345 Reid, C. D., The biology and clinical applications of dendritic cells. Transfus Med 1998. 8:
77-86.

346 Kalinski, P., Schuitemaker, J. H., Hilkens, C. M. and Kapsenberg, M. L., Prostaglandin
E2 induces the final maturation of IL-12-deficient CDla+CD83+ dendritic cells: the levels of
IL-12 are determined during the final dendritic cell maturation and are resistant to further
modulation. J Immunol 1998. 161: 2804-2809.

347 Romani, N., Gruner, S., Brang, D., Kampgen, E., Lenz, A., Trockenbacher, B.,
Konwalinka, G., Fritsch, P. O., Steinman, R. M. and Schuler, G., Proliferating dendritic
cell progenitors in human blood. JExp Med 1994. 180: 83-93.

348 Pulendran, B., Kumar, P., Cutler, C. W., Mohamadzadeh, M., Van Dyke, T. and
Banchereau, J., Lipopolysaccharides from distinct pathogens induce different classes of
immune responses in vivo. J Immunol 2001. 167: 5067-5076.

349 Steinbrink, K., Graulich, E., Kubsch, S., Knop, J. and Enk, A. H., CD4(+) and CD8(+)
anergic T cells induced by interleukin-10-treated human dendritic cells display antigen-
specific suppressor activity. Blood 2002. 99: 2468-2476.

350 Ruedl, C., Koebel, P. and Karjalainen, K., In vivo-matured Langerhans cells continue to
take up and process native proteins unlike in vitro-matured counterparts. J Immunol 2001.
166:7178-7182.

351 Enk, A. H., Angeloni, V. L., Udey, M. C. and Katz, S. I., Inhibition of Langerhans cell
antigen-presenting function by IL-10. A role for IL-10 in induction of tolerance. J Immunol
1993.151:2390-2398.

352 Heufler, C., Koch, F., Stanzl, U., Topar, G., Wysocka, M., Trinchieri, G., Enk, A.,
Steinman, R. M., Romani, N. and Schuler, G., Interleukin-12 is produced by dendritic cells
and mediates T helper 1 development as well as interferon-gamma production by T helper 1
cells. Eur J Immunol 1996. 26: 659-668.

353 Macatonia, S. E., Hosken, N. A., Litton, M., Vieira, P., Hsieh, C. S., Culpepper, J. A.,
Wysocka, M., Trinchieri, G., Murphy, K. M. and O Garra, A., Dendritic cells produce
IL-12 and direct the development ofThl cells from naive CD4+ T cells. J Immunol 1995.
154:5071-5079.

354 Gorczynski, R. M., Bransom, J., Cattral, M., Huang, X., Lei, J., Xiaorong, L., Min, W.
P., Wan, Y. and Gauldie, J., Synergy in induction of increased renal allograft survival after
portal vein infusion of dendritic cells transduced to express TGFbeta and IL-10, along with
administration of CHO cells expressing the regulatory molecule OX-2. Clin Immuno 2000.
95: 182-189.

355 Hochrein, H., Shortman, K., Vremec, D., Scott, B., Hertzog, P. and O'Keeffe, M.,
Differential production of IL-12, IFN-alpha, and IFN-gamma by mouse dendritic cell
subsets. J Immunol 2001. 166: 5448-5455.

356 Maldonado-Lopez, R., De Smedt, T., Pajak, B., Heirman, C., Thielemans, K., Leo, O.,
Urbain, J., Maliszewski, C. R. and Moser, M., Role ofCD8alpha+ and CD8alpha-
dendritic cells in the induction of primary immune responses in vivo. J Leukoc Biol 1999. 66:
242-246.

357 Scheicher, C., Mehlig, M„ Zecher, R. and Reske, K., Dendritic cells from mouse bone
marrow: in vitro differentiation using low doses of recombinant granulocyte-macrophage
colony-stimulating factor. J Immunol Methods 1992. 154: 253-264.

175



358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

Lutz, M. B., Kukutsch, N., Ogilvie, A. L., Rossner, S., Koch, F., Romani, N. and
Schuler, G., An advanced culture method for generating large quantities of highly pure
dendritic cells from mouse bone marrow. J Immunol Methods 1999. 223: 77-92.

Misra, N., Selvakumar, M., Singh, S., Bharadwaj, M., Ramesh, V., Misra, R. S. and
Nath, I., Monocyte derived IL 10 and PGE2 are associated with the absence of Th 1 cells
and in vitro T cell suppression in lepromatous leprosy. Immunol Lett 1995. 48: 123-128.

Phipps, R. P., Stein, S. H. and Roper, R. L., A new view of prostaglandin E regulation of
the immune response. Immunol Today 1991. 12: 349-352.
van der Pouw Kraan, T. C., Boeije, L. C., Smeenk, R. J., Wijdenes, J. and Aarden, L.
A., Prostaglandin-E2 is a potent inhibitor of human interleukin 12 production. J Exp Med
1995. 181: 775-779.

Kalinski, P., Hilkens, C. M., Snijders, A., Snijdewint, F. G. and Kapsenberg, M. L., IL-
12-deficient dendritic cells, generated in the presence of prostaglandin E2, promote type 2
cytokine production in maturing human naive T helper cells. J Immunol 1997. 159: 28-35.

Harizi, H., Juzan, M., Pitard, V., Moreau, J. F. and Gualde, N., Cyclooxygenase-2-issued
prostaglandin e(2) enhances the production of endogenous 1L-10, which down-regulates
dendritic cell functions. J Immunol 2002. 168: 2255-2263.

Kalinski, P., Smits, H. H., Schuitemaker, J. H., Vieira, P. L., van Eijk, M., de Jong, E.
C., Wierenga, E. A. and Kapsenberg, M. L., 1L-4 is a mediator of IL-12p70 induction by
human Th2 cells: reversal of polarized Th2 phenotype by dendritic cells. J Immunol 2000.
165: 1877-1881.

Hochrein, H., O'Keeffe, M., Luft, T., Vandenabeele, S., Grumont, R. J., Maraskovsky,
E. and Shortman, K., Interleukin (IL)-4 is a major regulatory cytokine governing bioactive
IL-12 production by mouse and human dendritic cells. J Exp Med 2000. 192: 823-833.

Bullens, D. M., Kasran, A., Thielemans, K., Bakkus, M. and Ceuppens, J. L., CD40L-
induced IL-12 production is further enhanced by the Th2 cytokines IL-4 and IL-13. ScandJ
Immunol 2001.53:455-463.

Mencacci, A., Del Sero, G., Cenci, E., d'Ostiani, C. F., Bacci, A., Montagnoli, C., Kopf,
M. and Romani, L., Endogenous interleukin 4 is required for development of protective
CD4+T helper type 1 cell responses to Candida albicans. J Exp Med 1998. 187:307-317.

Jacobs, M. J., van den Hoek, A. E., van Lent, P. L., van de Loo, F. A., van de Putte, L.
B. and van den Berg, W. B., Role of IL-2 and IL-4 in exacerbations ofmurine antigen-
induced arthritis. Immunology 1994. 83: 390-396.

Ramanathan, S., de Kozak, Y., Saoudi, A., Goureau, O., Van der Meide, P. H., Druet, P.
and Bellon, B., Recombinant IL-4 aggravates experimental autoimmune uveoretinitis in rats.
J Immunol 1996. 157: 2209-2215.

Grewe, M., Bruijnzeel-Koomen, C. A., Schopf, E., Thepen, T., Langeveld-Wildschut, A.
G., Ruzicka, T. and Krutmann, J., A role for Thl and Th2 cells in the
immunopathogenesis of atopic dermatitis. Immunol Today 1998. 19: 359-361.

Buelens, C., Verhasselt, V., De Groote, D., Thielemans, K., Goldman, M. and Willems,
F., Human dendritic cell responses to lipopolysaccharide and CD40 ligation are differentially
regulated by interleukin-10. Eur J Immunol 1997. 27: 1848-1852.

De Smedt, T., Van Mechelen, M., De Becker, G., Urbain, J., Leo, O. and Moser, M.,
Effect of interleukin-10 on dendritic cell maturation and function. Eur J Immunol 1997. 27:
1229-1235.

Rea, D., van Kooten, C., van Meijgaarden, K. E., Ottenhoff, T. H., Melief, C. J. and
Offringa, R., Glucocorticoids transform CD40-triggering of dendritic cells into an
alternative activation pathway resulting in antigen-presenting cells that secrete IL-10. Blood
2000. 95: 3162-3167.

176



374 Mellman, I. and Steinman, R. M., Dendritic cells: specialized and regulated antigen
processing machines. Cell 2001.106: 255-258.

375 Albert, M. L., Jegathesan, M. and Darnell, R. B., Dendritic cell maturation is required for
the cross-tolerization ofCD8+ T cells. Nat Immunol 2001. 2: 1010-1017.

376 De Becker, G., Moulin, V., Tielemans, F., De Mattia, F., Urbain, J., Leo, O. and Moser,
M., Regulation of T helper cell differentiation in vivo by soluble and membrane proteins
provided by antigen-presenting cells .Eur J Immunol 1998. 28: 3161-3171.

377 Stoll, S., Delon, J., Brotz, T. M. and Germain, R. N., Dynamic imaging ofT cell-dendritic
cell interactions in lymph nodes. Science 2002. 296: 1873-1876.

378 Van Gool, S. W., Vandenberghe, P., de Boer, M. and Ceuppens, J. L., CD80, CD86 and
CD40 provide accessory signals in a multiple-step T-cell activation model. Immunological
Reviews 1996. 153: 47-83.

379 Lanzavecchia, A. and Sallusto, F., The instructive role of dendritic cells on T cell
responses: lineages, plasticity and kinetics. Curr Opin Immunol 2001. 13: 291-298.

380 Grumont, R., Hochrein, H., O'Keeffe, M., Gugasyan, R., White, C., Caminschi, I.,
Cook, W. and Gerondakis, S., c-Rel regulates interleukin 12 p70 expression in CD8(+)
dendritic cells by specifically inducing p35 gene transcription. JExp Med 2001. 194: 1021-
1032.

381 Gillessen, S., Carvajal, D., Ling, P., Podlaski, F. J., Stremlo, D. L., Familletti, P. C.,
Gubler, U., Presky, D. H., Stern, A. S. and Gately, M. K., Mouse interleukin-12 (IL-12)
p40 homodimer: a potent IL-12 antagonist. Eur J Immunol 1995. 25: 200-206.

382 Norbury, C. C., Malide, D., Gibbs, J. S., Bennink, J. R. and Yewdell, J. W., Visualizing
priming of virus-specific CD8+ T cells by infected dendritic cells in vivo. Nat Immunol
2002.3:265-271.

383 Merica, R., Khoruts, A., Pape, K. A., Reinhardt, R. L. and Jenkins, M. K., Antigen-
experienced CD4 T cells display a reduced capacity for clonal expansion in vivo that is
imposed by factors present in the immune host. J Immunol 2000. 164: 4551-4557.

384 Ingulli, E., Ulman, D. R., Lucido, M. M. and Jenkins, M. K., In Situ Analysis Reveals
Physical Interactions Between CD1 lb(+) Dendritic Cells and Antigen-Specific CD4 T Cells
After Subcutaneous Injection of Antigen. J Immunol 2002. 169: 2247-2252.

385 Himmelweit, F., Collectedpapers ofPaul Erlich. Pergamon, London: 1956-60.
386 Klein, L., Klein, T., Ruther, U. and Kyewski, B., CD4 T cell tolerance to human C-reactive

protein, an inducible serum protein, is mediated by medullary thymic epithelium. J Exp Med
1998.188:5-16.

387 Swat, W., von Boehmer, H. and Kisielow, P., Central tolerance: clonal deletion or clonal
arrestI Eur J Immunol 1994. 24: 485-487.

388 Dresske, B., Lin, X., Huang, D., Zhou, X. and Fandrich, F., Spontaneous tolerance:
experience with the rat liver transplant model. Hum Immunol 2002. 63: 853.

389 Cohen, D. J., Tian, Y., Ooi, B. S. and Henkart, P. A., Differential effects of costimulator
signals and interIeukin-2 on T cell receptor-mediated cell death of resting and activated
CD4+ murine splenic T cells. Transplantation 1996. 61: 486-491.

390 Sakaguchi, S., Sakaguchi, N., Shimizu, J., Yamazaki, S., Sakihama, T., Itoh, M.,
Kuniyasu, Y., Nomura, T., Toda, M. and Takahashi, T., Immunologic tolerance
maintained by CD25+ CD4+ regulatory T cells: their common role in controlling
autoimmunity, tumor immunity, and transplantation tolerance. Immunol Rev 2001. 182: 18-
32.

391 Schwartz, R. H., Models ofT cell anergy: is there a common molecular mechanism? JExp
Med 1996. 184: 1-8.

177



392 Caux, C., Massacrier, C., Vanbervliet, B., Barthelemy, C., Liu, Y. J. and Banchereau,
J., Interleukin 10 inhibits T cell alloreaction induced by human dendritic cells. International
Immunology 1994. 6: 1177-1185.

393 Wolf, S. F., Temple, P. A., Kobayashi, M., Young, D., Dicig, M., Lowe, L., Dzialo, R.,
Fitz, L., Ferenz, C., Hewick, R. M. and et al., Cloning of cDNA for natural killer cell
stimulatory factor, a heterodimeric cytokine with multiple biologic effects on T and natural
killer cells. J Immunol 1991. 146: 3074-3081.

394 Yoo, J. K., Cho, J. H., Lee, S. W. and Sung, Y. C., IL-12 Provides Proliferation and
Survival Signals to Murine CD4(+) T Cells Through Phosphatidylinositol 3-Kinase/Akt
Signaling Pathway. J Immunol 2002. 169: 3637-3643.

395 Jelinek, D. F. and Braaten, J. K., Role of IL-12 in human B lymphocyte proliferation and
differentiation. J Immunol 1995. 154: 1606-1613.

396 Wang, H. C., Zhou, Q., Dragoo, J. and Klein, J. R., Most murine CD8+ intestinal
intraepithelial lymphocytes are partially but not fully activated T cells. J Immunol 2002. 169:
4717-4722.

397 Shevach, E. M., Certified professionals: CD4(+)CD25(+) suppressor T cells. J Exp Med
2001. 193: F41-46.

398 Dieu-Nosjean, M. C., Vicari, A., Lebecque, S. and Caux, C., Regulation of dendritic cell
trafficking: a process that involves the participation of selective chemokines. JLeukoc Biol
1999. 66: 252-262.

399 D'Amico, G., Frascaroli, G., Bianchi, G., Transidico, P., Doni, A., Vecchi, A., Sozzani,
S., Allavena, P. and Mantovani, A., Uncoupling of inflammatory chemokine receptors by
IL-10: generation of functional decoys. Nat Immunol 2000.1: 387-391.

400 Blaecke, A., Delneste, Y., Herbault, N., Jeannin, P., Bonnefoy, J. Y., Beck, A. and
Aubry, J. P., Measurement of nuclear factor-kappa B translocation on lipopolysaccharide-
activated human dendritic cells by confocal microscopy and flow cytometry. Cytometry
2002.48:71-79.

401 Alegre, M. L., Frauwirth, K. A. and Thompson, C. B., T-cell regulation by CD28 and
CTLA-4. Nat Rev Immunol 2001. 1: 220-228.

402 Peach, R. J., Bajorath, J., Brady, W., Leytze, G., Greene, J., Naemura, J. and Linsley,
P. S., Complementarity determining region 1 (CDR1)- and CDR3-analogous regions in
CTLA-4 and CD28 determine the binding to B7-1. JExp Med 1994. 180: 2049-2058.

403 Linsley, P. S., Greene, J. L., Brady, W., Bajorath, J., Ledbetter, J. A. and Peach, R.,
Human B7-1 (CD80) and B7-2 (CD86) bind with similar avidities but distinct kinetics to
CD28 and CTLA-4 receptors. Immunity 1994. 1: 793-801.

404 Gross, J. A., Callas, E. and Allison, J. P., Identification and distribution of the
costimulatory receptor CD28 in the mouse. J Immunol 1992. 149: 380-388.

405 Linsley, P. S., Bradshaw, J., Greene, J., Peach, R., Bennett, K. L. and Mittler, R. S.,
Intracellular trafficking ofCTLA-4 and focal localization towards sites of TCR engagement.
Immunity 1996. 4: 535-543.

406 Krummel, M. F. and Allison, J. P., CD28 and CTLA-4 have opposing effects on the
response ofT cells to stimulation. JExp Med 1995. 182: 459-465.

407 Waterhouse, P., Penninger, J. M., Timms, E., Wakeham, A., Shahinian, A., Lee, K. P.,
Thompson, C. B., Griesser, H. and Mak, T. W., Lymphoproliferative disorders with early
lethality in mice deficient in Ctla-4. Science 1995. 270: 985-988.

408 Lee, K. M., Chuang, E., Griffin, M., Khattri, R., Hong, D. K., Zhang, W., Straus, D.,
Samelson, L. E., Thompson, C. B. and Bluestone, J. A., Molecular basis ofT cell
inactivation by CTLA-4. Science 1998. 282: 2263-2266.

178



409 Marengere, L. E., Waterhouse, P., Duncan, G. S., Mittrucker, H. W., Feng, G. S. and
Mak, T. W., Regulation ofT cell receptor signaling by tyrosine phosphatase SYP
association with CTLA-4. Science 1996. 272: 1170-1173.

410 Greenwald, R. J., Oosterwegel, M. A., van der Woude, D., Kubal, A., Mandelbrot, D.
A., Boussiotis, V. A. and Sharpe, A. H., CTLA-4 regulates cell cycle progression during a
primary immune response. Eur J Immunol 2002. 32: 366-373.

411 Swallow, M. M., Wallin, J. J. and Sha, W. C., B7h, a novel costimulatory homolog of B7.1
and B7.2, is induced by TNFalpha. Immunity 1999. 11: 423-432.

412 Wang, S., Zhu, G., Chapoval, A. I., Dong, H., Tamada, K., Ni, J. and Chen, L.,
Costimulation ofT cells by B7-H2, a B7-like molecule that binds ICOS. Blood 2000. 96:
2808-2813.

413 Gonzalo, J. A., Tian, J., Delaney, T., Corcoran, J., Rottman, J. B., Lora, J., Al-garawi,
A., Kroczek, R., Gutierrez-Ramos, J. C. and Coyle, A. J., ICOS is critical for T helper
cell-mediated lung mucosal inflammatory responses. Nat Immunol 2001. 2: 597-604.

414 Dong, C., Juedes, A. E., Teniann, U. A., Shresta, S., Allison, J. P., Ruddle, N. H. and
Flavell, R. A., ICOS co-stimulatory receptor is essential for T-cell activation and function.
Nature 2001. 409: 97-101.

415 Rottman, J. B., Smith, T., Tonra, J. R., Ganley, K., Bloom, T., Silva, R., Pierce, B.,
Gutierrez-Ramos, J. C., Ozkaynak, E. and Coyle, A. J., The costimulatory molecule ICOS
plays an important role in the immunopathogenesis of EAE. Nat Immunol 2001. 2: 605-611.

416 McAdam, A. J., Chang, T. T., Lumelsky, A. E., Greenfield, E. A., Boussiotis, V. A.,
Duke-Cohan, J. S., Chernova, T., Malenkovich, N., Jabs, C., Kuchroo, V. K., Ling, V.,
Collins, M., Sharpe, A. H. and Freeman, G. J., Mouse inducible costimulatory molecule
(ICOS) expression is enhanced by CD28 costimulation and regulates differentiation ofCD4+
T cells. J Immunol 2000. 165: 5035-5040.

417 Ozkaynak, E., Gao, W., Shemmeri, N., Wang, C., Gutierrez-Ramos, J. C., Amaral, J.,
Qin, S., Rottman, J. B., Coyle, A. J. and Hancock, W. W., Importance of ICOS-B7RP-1
costimulation in acute and chronic allograft rejection. Nat Immunol 2001. 2: 591-596.

418 Sporici, R. A., Beswick, R. L., von Allmen, C., Rumbley, C. A., Hayden-Ledbetter, M.,
Ledbetter, J. A. and Perrin, P. J., ICOS ligand costimulation is required for T-cell
encephalitogenicity. Clin Immunol 2001. 100: 277-288.

419 Sharpe, A. H. and Freeman, G. J., The B7-CD28 superfamily. Nat Rev Immunol 2002. 2:
116-126.

420 Greenwald, R. J., Latchman, Y. E. and Sharpe, A. H., Negative co-receptors on
lymphocytes. Curr Opin Immunol 2002. 14: 391-396.

421 Dong, H., Zhu, G., Tamada, K. and Chen, L., B7-H1, a third member of the B7 family, co-
stimulates T-cell proliferation and interleukin-10 secretion. Nat Med 1999. 5: 1365-1369.

422 Latchman, Y., Wood, C. R., Chernova, T., Chaudhary, D., Borde, M., Chernova, I.,
Iwai, Y., Long, A. J., Brown, J. A., Nunes, R., Greenfield, E. A., Bourque, K.,
Boussiotis, V. A., Carter, L. L., Carreno, B. M., Malenkovich, N., Nishimura, H.,
Okazaki, T., Honjo, T., Sharpe, A. H. and Freeman, G. J., PD-L2 is a second ligand for
PD-1 and inhibits T cell activation. Nat Immunol 2001. 2: 261-268.

423 de Saint-Vis, B., Fugier-Vivier, I., Massacrier, C., Gaillard, C., Vanbervliet, B., Ait-
Yahia, S., Banchereau, J., Liu, Y. J., Lebecque, S. and Caux, C., The cytokine profile
expressed by human dendritic cells is dependent on cell subtype and mode of activation. J
Immunol 1998. 160: 1666-1676.

424 de Jong, E. C., Vieira, P. L., Kalinski, P. and Kapsenberg, M. L., Corticosteroids inhibit
the production of inflammatory mediators in immature monocyte-derived DC and induce the
development of tolerogenic DC3. J Leukoc Biol 1999. 66: 201-204.

179



425 Boussiotis, V. A., Freeman, G. J., Berezovskaya, A., Barber, D. L. and Nadler, L. M.,
Maintenance of human T cell anergy: blocking of IL-2 gene transcription by activated Rapl.
Science 1997.278: 124-128.

426 Beverly, B., Kang, S. M., Lenardo, M. J. and Schwartz, R. H., Reversal of in vitro T cell
clonal anergy by IL-2 stimulation. Int Immunol 1992. 4: 661-671.

427 Mason, D. and Powrie, F., Control of immune pathology by regulatory T cells. Curr Opin
Immunol 1998. 10: 649-655.

428 Asano, M., Toda, M., Sakaguchi, N. and Sakaguchi, S., Autoimmune disease as a
consequence of developmental abnormality of a T cell subpopulation. J Exp Med 1996. 184:
387-396.

429 Suri-Payer, E., Amar, A. Z., Thornton, A. M. and Shevach, E. M., CD4+CD25+ T cells
inhibit both the induction and effector function of autoreactive T cells and represent a unique
lineage of immunoregulatory cells. J Immunol 1998. 160: 1212-1218.

430 Avigan, D., Dendritic cells: development, function and potential use for cancer
immunotherapy. Blood Rev 1999. 13: 51-64.

431 Hackstein, H., Morelli, A. E. and Thomson, A. W., Designer dendritic cells for tolerance
induction: guided not misguided missiles. Trends Immunol 2001. 22: 437-442.

432 Ludewig, B., Oehen, S., Barehiesi, F., Schwendener, R. A., Hcngartner, H. and
Zinkernagel, R. M., Protective antiviral cytotoxic T cell memory is most efficiently
maintained by restimulation via dendritic cells. J Immunol 1999. 163: 1839-1844.

433 Fields, R. C., Shimizu, K. and Mule, J. J., Murine dendritic cells pulsed with whole tumor
lysates mediate potent antitumor immune responses in vitro and in vivo. Proc Natl Acad Sci
USA 1998. 95: 9482-9487.

434 Labeur, M. S., Roters, B., Pers, B., Mehling, A., Luger, T. A., Schwarz, T. and Grabbe,
S., Generation of tumor immunity by bone marrow-derived dendritic cells correlates with
dendritic cell maturation stage. J Immunol 1999. 162: 168-175.

435 Dubois, B., Bridon, J. M., Fayette, J., Barthelemy, C., Banchereau, J., Caux, C. and
Briere, F., Dendritic cells directly modulate B cell growth and differentiation. JLeukoc Biol
1999.66:224-230.

436 Tse, H. Y., Schwartz, R. H. and Paul, W. E., Cell-cell interactions in the T cell
proliferative response. I. Analysis of the cell types involved and evidence for nonspecific T
cell recruitment. J Immunol 1980. 125: 491-500.

437 Pape, K. A., Kearney, E. R., Khoruts, A., Mondino, A., Merica, R., Chen, Z. M., Ingulli,
E., White, J., Johnson, J. G. and Jenkins, M. K., Use of adoptive transfer of T-cell-
antigen-receptor-transgenic T cell for the study ofT-cell activation in vivo. Immunol Rev
1997.156:67-78.

438 Lee, W. T., Yin, X. M. and Vitetta, E. S., Functional and ontogenetic analysis ofmurine
CD45Rhi and CD45Rlo CD4+ T cells. J Immunol 1990. 144: 3288-3295.

439 Ingulli, E., Mondino, A., Khoruts, A. and Jenkins, M. K., In vivo detection of dendritic
cell antigen presentation to CD4(+) T cells. JExp Med 1997. 185: 2133-2141.

440 Kyburz, D., Aichele, P., Speiser, D. E., Hengartner, H., Zinkernagel, R. M. and Pircher,
H., T cell immunity after a viral infection versus T cell tolerance induced by soluble viral
peptides. Eur J Immunol 1993. 23: 1956-1962.

441 Sherman, L. A. and Chattopadhyay, S., The molecular basis of allorecognition. Annu Rev
Immunol 1993. 11: 385-402.

442 Haskins, K., Kubo, R., White, J., Pigeon, M., Kappler, J. and Marrack, P., The major
histocompatibility complex-restricted antigen receptor on T cells. I. Isolation with a
monoclonal antibody. JExp Med 1983.157: 1149-1169.

180



443 Van Parijs, L., Perez, V. L., Biuckians, A., Maki, R. G., London, C. A. and Abbas, A.
K., Role of interleukin 12 and costimulators in T cell anergy in vivo. JExp Med 1997. 186:
1119-1128.

444 Smith, K. M., Davidson, J. M. and Garside, P., T-cell activation occurs simultaneously in
local and peripheral lymphoid tissue following oral administration of a range of doses of
immunogenic or tolerogenic antigen although tolerized T cells display a defect in cell
division. Immunology 2002. 106: 144-158.

445 Tanchot, C. and Rocha, B., Peripheral selection ofT cell repertoires: the role of continuous
thymus output. JExp Med 1997. 186: 1099-1106.

446 Dutton, R. W., Bradley, L. M. and Swain, S. L., T cell memory. Annu Rev Immunol 1998.
16:201-223.

447 Bell, E. B. and Sparshott, S. M., Interconversion of CD45R subsets ofCD4 T cells in vivo.
Nature 1990. 348: 163-166.

448 Baiu, D. C., Prechl, J., Tchorbanov, A., Molina, H. D., Erdei, A., Sulica, A., Capel, P. J.
and Hazenbos, W. L., Modulation of the humoral immune response by antibody-mediated
antigen targeting to complement receptors and Fc receptors. J Immunol 1999. 162: 3125-
3130.

449 Coughlan, S., Harkiss, G. D. and Hopkins, J., Enhanced proliferation of CD4+ T cells
induced by dendritic cells following antigen uptake in the presence of specific antibody. Vet
Immunol Immunopathol 1996. 49: 321-330.

450 Bell, E. B., Sparshott, S. M. and Bunce, C., CD4+ T-cell memory, CD45R subsets and the
persistence of antigen—a unifying concept. Immunol Today 1998. 19: 60-64.

451 Mackay, C. R., Homing of naive, memory and effector lymphocytes. Curr Opin Immunol
1993. 5: 423-427.

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

453 Sweenie, C. S. and Anderton, S. M., A role for B cells in peptide-induced T cell tolerance?
Immunology 2002. 107: OP126.

454 Veldkamp, J., De Reuver, M. J. and Willers, J. M., Distribution of different cell types in
the lymphoid organs of the mouse, as determined with sera against thymus and Peyer's
patches. Immunology 1974. 26: 359-366.

455 Fuchs, E. J. and Matzinger, P., B cells turn off virgin but not memory T cells. Science
1992.258:1156-1159.

456 Eynon, E. E. and Parker, D. C., Small B cells as antigen-presenting cells in the induction of
tolerance to soluble protein antigens. J Exp Med 1992. 175: 131-138.

457 Aichele, P., Kyburz, D., Ohashi, P. S., Odermatt, B., Zinkernagel, R. M., Hengartner,
H. and Pircher, H., Peptide-induced T-cell tolerance to prevent autoimmune diabetes in a
transgenic mouse model. Proc Natl A cad Sci USA 1994. 91: 444-448.

458 Sommer, F., Meixner, M., Mannherz, M., Ogilvie, A. L., Rollinghoff, M. and Lohoff,
M., Analysis of cytokine patterns produced by individual CD4+ lymph node cells during
experimental murine leishmaniasis in resistant and susceptible mice. Int Immunol 1998. 10:
1853-1861.

459 de Moraes-Vasconcelos, D., Orii, N. M., Romano, C. C., Iqueoka, R. Y. and Duarte, A.
J., Characterization of the cellular immune function of patients with chronic mucocutaneous
candidiasis. Clin Exp Immunol 2001. 123: 247-253.

460 Steinbrink, K., Jonuleit, H., Muller, G., Schuler, G., Knop, J. and Enk, A. H.,
Interleukin-10-treated human dendritic cells induce a melanoma-antigen- specific anergy in
CD8(+) T cells resulting in a failure to lyse tumor cells. Blood 1999. 93: 1634-1642.

181



461 McBride, J. M., Jung, T., de Vries, J. E. and Aversa, G., IL-10 alters DC function via
modulation of cell surface molecules resulting in impaired T-cell responses. Cell Immunol
2002.215:162-172.

462 Fu, F., Li, Y., Qian, S., Lu, L., Chambers, F., Starzl, T. E., Fung, J. J. and Thomson, A.
W., Costimulatory molecule-deficient dendritic cell progenitors (MHC class II+, CD80dim,
CD86-) prolong cardiac allograft survival in nonimmunosuppressed recipients.
Transplantation 1996. 62: 659-665.

463 Lutz, M. B., Suri, R. M., Niimi, M., Ogilvie, A. L., Kukutsch, N. A., Rossner, S.,
Schuler, G. and Austyn, J. M., Immature dendritic cells generated with low doses ofGM-
CSF in the absence of IL-4 are maturation resistant and prolong allograft survival in vivo.
European Journal ofImmunology 2000. 30: 1813-1822.

464 Huang, F. P., Piatt, N., Wykes, M., Major, J. R., Powell, T. J., Jenkins, C. D. and
MacPherson, G. G., A discrete subpopulation of dendritic cells transports apoptotic
intestinal epithelial cells to T cell areas ofmesenteric lymph nodes. JExp Med 2000. 191:
435-444.

465 Taams, L. S., Boot, E. P., van Eden, W. and Wauben, M. H., 'Anergic' T cells modulate
the T-cell activating capacity of antigen- presenting cells. JAutoimmun 2000.14: 335-341.

466 Lanoue, A., Bona, C., von Boehmer, H. and Sarukhan, A., Conditions that induce
tolerance in mature CD4+ T cells. JExp Med 1997. 185: 405-414.

467 Carreno, L., Lopez-Longo, F. J., Gonzalez, C. M. and Monteagudo, I., Treatment options
for juvenile-onset systemic lupus erythematosus. Paediatr Drugs 2002. 4: 241-256.

468 Pascual, M., Theruvath, T., Kawai, T., Tolkoff-Rubin, N. and Cosimi, A. B., Strategies
to improve long-term outcomes after renal transplantation. NEngl JMed 2002. 346: 580-
590.

469 Min, W. P., Gorczynski, R., Huang, X. Y., Kushida, M., Kim, P., Obataki, M., Lei, J.,
Suri, R. M. and Cattral, M. S., Dendritic cells genetically engineered to express Fas ligand
induce donor-specific hyporesponsiveness and prolong allograft survival. J Immunol 2000.
164: 161-167.

470 Moore, K. W., de Waal Malefyt, R., Coffman, R. L. and O'Garra, A., Interleukin-10 and
the interleukin-10 receptor. Annu Rev Immunol 2001. 19: 683-765.

471 Hill, N. and Sarvetnick, N., Cytokines: promoters and dampeners of autoimmunity. Curr
Opin Immunol 2002. 14: 791-797.

472 Whalen, J. D., Thomson, A. W., Lu, L., Robbins, P. D. and Evans, C. H., Viral IL-10
gene transfer inhibits DTH responses to soluble antigens: evidence for involvement of
genetically modified dendritic cells and macrophages. Mol Ther 2001. 4: 543-550.

473 Takayama, T., Tahara, H. and Thomson, A. W., Transduction of dendritic cell progenitors
with a retroviral vector encoding viral interleukin-10 and enhanced green fluorescent protein
allows purification of potentially tolerogenic antigen-presenting cells. Transplantation 1999.
68: 1903-1909.

474 Lu, L., Lee, W. C., Takayama, T., Qian, S., Gambotto, A., Robbins, P. D. and Thomson,
A. W., Genetic engineering of dendritic cells to express immunosuppressive molecules (viral
IL-10, TGF-beta, and CTLA4Ig). JLeukoc Biol 1999. 66: 293-296.

475 Steinman, L., Multiple sclerosis: a coordinated immunological attack against myelin in the
central nervous system. Cell 1996. 85: 299-302.

476 Martin, R. and McFarland, H. F., Immunological aspects of experimental allergic
encephalomyelitis and multiple sclerosis. Crit Rev Clin Lab Sci 1995. 32: 121-182.

477 Rothwell, P. M. and Charlton, D., High incidence and prevalence ofmultiple sclerosis in
south east Scotland: evidence of a genetic predisposition. JNeurol Neurosurg Psychiatry
1998.64:730-735.

182



478 Forbes, R. B., Wilson, S. V. and Swingler, R. J., The prevalence of multiple sclerosis in
Tayside, Scotland: do latitudinal gradients really exist? JNeurol 1999. 246: 1033-1040.

479 Zamvil, S. S., Mitchell, D. J., Moore, A. C., Kitamura, K., Steinman, L. and Rothbard,
J. B., T-cell epitope of the autoantigen myelin basic protein that induces encephalomyelitis.
Nature 1986. 324: 258-260.

480 Mendel, I., Kerlero de Rosbo, N. and Ben-Nun, A., A myelin oligodendrocyte
glycoprotein peptide induces typical chronic experimental autoimmune encephalomyelitis in
H-2b mice: fine specificity and T cell receptor V beta expression of encephalitogenic T cells.
Eur J Immunol 1995. 25: 1951-1959.

481 Ando, D. G., Clayton, J., Kono, D., Urban, J. L. and Sercarz, E. E., Encephalitogenic T
cells in the B10.PL model of experimental allergic encephalomyelitis (EAE) are of the Th-1
lymphokine subtype. Cell Immunol 1989. 124: 132-143.

482 Anderton, S., Burkhart, C., Metzler, B. and Wraith, D., Mechanisms of central and
peripheral T-cell tolerance: lessons from experimental models ofmultiple sclerosis. Immunol
Rev 1999. 169: 123-137.

483 Kuchroo, V. K., Martin, C. A., Greer, J. M., Ju, S. T., Sobel, R. A. and Dorf, M. E.,
Cytokines and adhesion molecules contribute to the ability ofmyelin proteolipid protein-
specific T cell clones to mediate experimental allergic encephalomyelitis. J Immunol 1993.
151:4371-4382.

484 Powell, M. B., Mitchell, D., Lederman, J., Buckmeier, J., Zamvil, S. S., Graham, M.,
Ruddle, N. H. and Steinman, L., Lymphotoxin and tumor necrosis factor-alpha production
by myelin basic protein-specific T cell clones correlates with encephalitogenicity. Int
Immunol 1990. 2: 539-544.

485 Leonard, J. P., Waldburger, K. E. and Goldman, S. J., Prevention of experimental
autoimmune encephalomyelitis by antibodies against interleukin 12. JExp Med 1995.181:
381-386.

486 Wolf, S. D., Dittel, B. N., Hardardottir, F. and Janeway, C. A., Jr., Experimental
autoimmune encephalomyelitis induction in genetically B cell-deficient mice. JExp Med
1996.184:2271-2278.

487 Mosmann, T. R. and Coffman, R. L., TH1 and TH2 cells: different patterns of lymphokine
secretion lead to different functional properties. Annu Rev Immunol 1989. 7: 145-173.

488 Seder, R. A. and Paul, W. E., Acquisition of lymphokine-producing phenotype by CD4+ T
cells. Annu Rev Immunol 1994. 12: 635-673.

489 Begolka, W. S., Vanderlugt, C. L., Rahbe, S. M. and Miller, S. D., Differential expression
of inflammatory cytokines parallels progression of central nervous system pathology in two
clinically distinct models ofmultiple sclerosis. J Immunol 1998. 161: 4437-4446.

490 Kennedy, M. K., Torrance, D. S., Picha, K. S. and Mohler, K. M., Analysis of cytokine
mRNA expression in the central nervous system ofmice with experimental autoimmune
encephalomyelitis reveals that IL-10 mRNA expression correlates with recovery. J Immunol
1992.149:2496-2505.

491 Liblau, R., Steinman, L. and Brocke, S., Experimental autoimmune encephalomyelitis in
IL-4-deficient mice. Int Immunol 1997. 9: 799-803.

492 Bettelli, E., Das, M. P., Howard, E. D., Weiner, H. L., Sobel, R. A. and Kuchroo, V. K.,
IL-10 is critical in the regulation of autoimmune encephalomyelitis as demonstrated by
studies of IL-10- and IL-4-deficient and transgenic mice. J Immunol 1998. 161: 3299-3306.

493 Lafaille, J. J., Keere, F. V., Hsu, A. L., Baron, J. L., Haas, W., Raine, C. S. and
Tonegawa, S., Myelin basic protein-specific T helper 2 (Th2) cells cause experimental
autoimmune encephalomyelitis in immunodeficient hosts rather than protect them from the
disease. JExp Med 1997. 186:307-312.

183



494 Stohlman, S. A., Pei, L., Cua, D. J., Li, Z. and Hinton, D. R., Activation of regulatory
cells suppresses experimental allergic encephalomyelitis via secretion of IL-10. J Immunol
1999.163:6338-6344.

495 Barrat, F. J., Cua, D. J., Boonstra, A., Richards, D. F., Crain, C., Savelkoul, H. F., de
Waal-Malefyt, R., Coffman, R. L., Hawrylowicz, C. M. and O'Garra, A., In vitro
generation of interleukin 10-producing regulatory CD4(+) T cells is induced by
immunosuppressive drugs and inhibited by T helper type 1 (Thl)- and Th2-inducing
cytokines. JExp Med 2002.195: 603-616.

496 Samoilova, E. B., Horton, J. L. and Chen, Y., Acceleration of experimental autoimmune
encephalomyelitis in interleukin- 10-deficient mice: roles of interleukin-10 in disease
progression and recovery. Cell Immunol 1998. 188: 118-124.

497 Rott, O., Fleischer, B. and Cash, E., Interleukin-10 prevents experimental allergic
encephalomyelitis in rats. Eur J Immunol 1994. 24: 1434-1440.

498 Cua, D. J., Hutchins, B., LaFace, D. M., Stohlman, S. A. and Coffman, R. L., Central
nervous system expression of IL-10 inhibits autoimmune encephalomyelitis. J Immunol
2001.166:602-608.

499 Cannella, B., Gao, Y. L., Brosnan, C. and Raine, C. S., IL-10 fails to abrogate
experimental autoimmune encephalomyelitis. JNeurosci Res 1996. 45: 735-746.

500 Cua, D. J., Groux, H., Hinton, D. R., Stohlman, S. A. and Coffman, R. L., Transgenic
interleukin 10 prevents induction of experimental autoimmune encephalomyelitis. JExp Med
1999. 189: 1005-1010.

501 Hofstetter, H. H., Shive, C. L. and Forsthuber, T. G., Pertussis Toxin Modulates the
Immune Response to Neuroantigens Injected in Incomplete Freund's Adjuvant: Induction of
Thl Cells and Experimental Autoimmune Encephalomyelitis in the Presence of High
Frequencies ofTh2 Cells. J Immunol 2002. 169: 117-125.

502 Linthicum, D. S., Munoz, J. J. and Blaskett, A., Acute experimental autoimmune
encephalomyelitis in mice. I. Adjuvant action of Bordetella pertussis is due to vasoactive
amine sensitization and increased vascular permeability of the central nervous system. Cell
Immunol 1982. 73: 299-310.

503 Yong, T., Meininger, G. A. and Linthicum, D. S., Enhancement of histamine-induced
vascular leakage by pertussis toxin in SJL/J mice but not BALB/c mice. JNeuroimmunol
1993.45:47-52.

504 Khoury, S. J., Hancock, W. W. and Weiner, H. L., Oral tolerance to myelin basic protein
and natural recovery from experimental autoimmune encephalomyelitis are associated with
downregulation of inflammatory cytokines and differential upregulation of transforming
growth factor beta, interleukin 4, and prostaglandin E expression in the brain. JExp Med
1992.176:1355-1364.

505 Klenerman, P., Cerundolo, V. and Dunbar, P. R., Tracking T cells with tetramers: new
tales from new tools. Nat Rev Immunol 2002. 2: 263-272.

506 Jin, Y. X., Xu, L. Y., Guo, H., Ishikawa, M., Link, H. and Xiao, B. G., TGF-betal inhibits
protracted-relapsing experimental autoimmune encephalomyelitis by activating dendritic
cells. JAutoimmun 2000. 14: 213-220.

507 Huang, Y. M., Stoyanova, N., Jin, Y. P., Teleshova, N., Hussien, Y., Xiao, B. G.,
Fredrikson, S. and Link, H., Altered phenotype and function of blood dendritic cells in
multiple sclerosis are modulated by IFN-beta and IL-10. Clin Exp Immunol 2001. 124: 306-
314.

508 Huang, Y. M., Kouwenhoven, M., Jin, Y. P., Press, R., Huang, W. X. and Link, H.,
Dendritic cells derived from patients with multiple sclerosis show high CD la and low CD86
expression. Mult Scler 2001. 7: 95-99.

184



509 Jansen, A., van Hagen, M. and Drexhage, H. A., Defective maturation and function of
antigen-presenting cells in type 1 diabetes. Lancet 1995. 345: 491-492.

510 Takahashi, K., Honeyman, M. C. and Harrison, L. C., Impaired yield, phenotype, and
function ofmonocyte-derived dendritic cells in humans at risk for insulin-dependent
diabetes. J Immunol 1998. 161: 2629-2635.

511 Scheinecker, C., Zwolfer, B., Roller, M., Manner, G. and Smolen, J. S., Alterations of
dendritic cells in systemic lupus erythematosus: phenotypic and functional deficiencies.
Arthritis Rheum 2001. 44: 856-865.

512 Tas, M., de Haan-Meulman, M., Kabel, P. J. and Drexhage, H. A., Defects in monocyte
polarization and dendritic cell clustering in patients with Graves' disease. A putative role for
a non-specific immunoregulatory factor related to retroviral pl5E. Clin Endocrinol (Oxf)
1991.34:441-448.

513 Willenborg, D. O., Fordham, S. A., Staykova, M. A., Ramshaw, I. A. and Cowden, W.
B., IFN-gamma is critical to the control ofmurine autoimmune encephalomyelitis and
regulates both in the periphery and in the target tissue: a possible role for nitric oxide. J
Immunol 1999. 163: 5278-5286.

514 Xu, L., Huang, Y., Yang, J., Van Der Meide, P. H., Levi, M., Wahren, B., Link, H. and
Xiao, B., Dendritic cell-derived nitric oxide is involved in IL-4-induced suppression of
experimental allergic encephalomyelitis (EAE) in Lewis rats. Clin Exp Immunol 1999. 118:
115-121.

515 Berzins, S. P., Boyd, R. L. and Miller, J. F., The role of the thymus and recent thymic
migrants in the maintenance of the adult peripheral lymphocyte pool. J Exp Med 1998. 187:
1839-1848.

516 Takayama, T., Kaneko, K., Morelli, A. E., Li, W., Tahara, H. and Thomson, A. W.,
Retroviral delivery of transforming growth factor-betal to myeloid dendritic cells: inhibition
of T-cell priming ability and influence on allograft survival. Transplantation 2002. 74: 112-
119.

517 Thery, C., Regnault, A., Garin, J., Wolfers, J., Zitvogel, L., Ricciardi-Castagnoli, P.,
Raposo, G. and Amigorena, S., Molecular characterization of dendritic cell-derived
exosomes. Selective accumulation of the heat shock protein hsc73. J Cell Biol 1999. 147:
599-610.

518 Amiguet, P., Gardinier, M. V., Zanetta, J. P. and Matthieu, J. M., Purification and partial
structural and functional characterization ofmouse myelin/oligodendrocyte glycoprotein. J
Neurochem 1992. 58: 1676-1682.

519 Greer, J. M., Csurhes, P. A., Cameron, K. D., McCombe, P. A., Good, M. F. and
Pender, M. P., Increased immunoreactivity to two overlapping peptides ofmyelin
proteolipid protein in multiple sclerosis. Brain 1997. 120: 1447-1460.

520 Tejada-Simon, M. V., Hong, J., Rivera, V. M. and Zhang, J. Z., Reactivity pattern and
cytokine profile of T cells primed by myelin peptides in multiple sclerosis and healthy
individuals. Eur J Immunol 2001.31: 907-917.

521 Pender, M. P., Csurhes, P. A., Greer, J. M., Mowat, P. D., Henderson, R. D., Cameron,
K. D., Purdie, D. M., McCombe, P. A. and Good, M. F., Surges of increased T cell
reactivity to an encephalitogenic region ofmyelin proteolipid protein occur more often in
patients with multiple sclerosis than in healthy subjects. J Immunol 2000. 165: 5322-5331.

522 Ohlenbusch, A., Pohl, D. and Hanefeld, F., Myelin oligodendrocyte gene polymorphisms
and childhood multiple sclerosis. Pediatr Res 2002. 52: 175-179.

523 Tuohy, V. K., Yu, M., Yin, L., Kawczak, J. A., Johnson, J. M., Mathisen, P. M.,
Weinstock-Guttman, B. and Kinkel, R. P., The epitope spreading cascade during
progression of experimental autoimmune encephalomyelitis and multiple sclerosis. Immunol
Rev 1998. 164: 93-100.

185



524 Xiao, B. G., Huang, Y. M., Yang, J. S., Xu, L. Y. and Link, H., Bone marrow-derived
dendritic cells from experimental allergic encephalomyelitis induce immune tolerance to
EAE in Lewis rats. Clin Exp Immunol 2001. 125: 300-309.

525 Link, H., Huang, Y. M., Masterman, T. and Xiao, B. G., Vaccination with autologous
dendritic cells: from experimental autoimmune encephalomyelitis to multiple sclerosis. J
Neuroimmunol 2001. 114: 1-7.

526 Griffiths, T. D. and Newman, P. K., Steroids in multiple sclerosis. J Clin Pharm Ther 1994.
19: 219-222.

527 Duddy, M. E., Dickson, G., Hawkins, S. A. and Armstrong, M. A., Monocyte-derived
dendritic cells: a potential target for therapy in multiple sclerosis (MS). Clin Exp Immunol
2001.123:280-287.

528 Vieira, P. L., Kalinski, P., Wierenga, E. A., Kapsenberg, M. L. and de Jong, E. C.,
Glucocorticoids inhibit bioactive IL-12p70 production by in vitro- generated human dendritic
cells without affecting their T cell stimulatory potential. J Immunol 1998. 161: 5245-5251.

529 Jacobs, L. D., Cookfair, D. L., Rudick, R. A., Herndon, R. M., Richert, J. R., Salazar, A.
M., Fischer, J. S., Goodkin, D. E., Granger, C. V., Simon, J. H., Alam, J. J., Bartoszak,
D. M., Bourdette, D. N., Braiman, J., Brownscheidle, C. M., Coats, M. E., Cohan, S. L.,
Dougherty, D. S., Kinkel, R. P., Mass, M. K., Munschauer, F. E., 3rd, Priore, R. L.,
Pullicino, P. M., Scherokman, B. J., Whitham, R. H. et al., Intramuscular interferon beta-
la for disease progression in relapsing multiple sclerosis. The Multiple Sclerosis
Collaborative Research Group (MSCRG). Ann Neurol 1996. 39: 285-294.

530 Bartholome, E. J., Willems, F., Crusiaux, A., Thielemans, K., Schandene, L. and
Goldman, M., Interferon-beta inhibits Thl responses at the dendritic cell level. Relevance to
multiple sclerosis. Acta Neurol Belg 1999. 99: 44-52.

531 Huang, Y. M., Hussien, Y., Yarilin, D., Xiao, B. G., Liu, Y. J. and Link, H., Interferon-
beta induces the development of type 2 dendritic cells. Cytokine 2001. 13: 264-271.

532 Wiesemann, E., Sonmez, D., Heidenreich, F. and Windhagen, A., Interferon-beta
increases the stimulatory capacity of monocyte-derived dendritic cells to induce IL-13, IL-5
and IL-10 in autologous T-cells. JNeuroimmunol 2002. 123: 160-169.

533 Walmsley, M., Katsikis, P. D., Abney, E., Parry, S., Williams, R. O., Maini, R. N. and
Feldmann, M., Interleukin-10 inhibition of the progression of established collagen- induced
arthritis. Arthritis Rheum 1996. 39: 495-503.

534 Mizoguchi, A., Mizoguchi, E., Takedatsu, H., Blumberg, R. S. and Bhan, A. K., Chronic
intestinal inflammatory condition generates IL-10-producing regulatory B cell subset
characterized by CDld upregulation. Immunity 2002. 16: 219-230.

535 Shortman, K. and Heath, W. R., Immunity or tolerance? That is the question for dendritic
cells. Nat Immunol 2001. 2: 988-989.

536 Nelson, E. L., Strobl, S., Subleski, J., Prieto, D., Kopp, W. C. and Nelson, P. J., Cycling
of human dendritic cell effector phenotypes in response to TNF- alpha: modification of the
current 'maturation' paradigm and implications for in vivo immunoregulation. Faseb J 1999.
13:2021-2030.

537 Morton, A. M., Adams, C. L., Smith, K. M., Mowat, A. M., Brewer, J. M., Harnett, M.
M. and Garside, P., In vivo applications of the laser scanning cytometer in immunology.
Immunology 2002. 107: OP140.

538 Tough, D. F. and Sprent, J., Turnover of naive- and memory-phenotype T cells. JExp Med
1994.179:1127-1135.

539 Scollay, R. G., Butcher, E. C. and Weissman, 1. L., Thymus cell migration. Quantitative
aspects of cellular traffic from the thymus to the periphery in mice. Eur J Immunol 1980. 10:
210-218.

186



540 Buelens, C., Verhasselt, V., De Groote, D., Thielemans, K., Goldman, M. and Willems,
F., Interleukin-10 prevents the generation of dendritic cells from human peripheral blood
mononuclear cells cultured with interleukin-4 and granulocyte/macrophage-colony-
stimulating factor. Eur J Immunol 1997. 27: 756-762.

541 van Deuren, M., Brandtzaeg, P. and van der Meer, J. W., Update on meningococcal
disease with emphasis on pathogenesis and clinical management. Clin Microbiol Rev 2000.
13: 144-166, table of contents.

542 Cameron, S. B., Nawijn, M. C., Kum, W. W., Savelkoul, H. F. and Chow, A. W.,
Regulation of helper T cell responses to staphylococcal superantigens. Eur Cytokine Netw
2001.12:210-222.

543 Banchereau, J., Schuler-Thurner, B., Palucka, A. K. and Schuler, G., Dendritic cells as
vectors for therapy. Cell 2001. 106: 271-274.

544 Jefford, M., Maraskovsky, E., Cebon, J. and Davis, I. D., The use of dendritic cells in
cancer therapy. Lancet Oncol 2001. 2: 343-353.

545 Geiger, J. D., Hutchinson, R. J., Hohenkirk, L. F., McKenna, E. A., Yanik, G. A.,
Levine, J. E., Chang, A. E., Braun, T. M. and Mule, J. J., Vaccination of pediatric solid
tumor patients with tumor lysate-pulsed dendritic cells can expand specific T cells and
mediate tumor regression. Cancer Res 2001.61: 8513-8519.

546 Lu, L., Li, W., Fu, F., Chambers, F. G., Qian, S., Fung, J. J. and Thomson, A. W.,
Blockade of the CD40-CD40 ligand pathway potentiates the capacity of donor-derived
dendritic cell progenitors to induce long-term cardiac allograft survival. Transplantation
1997.64:1808-1815.

547 Feili-Hariri, M., Dong, X., Alber, S. M., Watkins, S. C., Salter, R. D. and Morel, P. A.,
Immunotherapy ofNOD mice with bone marrow-derived dendritic cells. Diabetes 1999. 48:
2300-2308.

548 Chang, A. E., Redman, B. G., Whitfield, J. R., Nickoloff, B. J., Braun, T. M., Lee, P. P.,
Geiger, J. D. and Mule, J. J., A phase I trial of tumor lysate-pulsed dendritic cells in the
treatment of advanced cancer. Clin Cancer Res 2002. 8: 1021-1032.

187


