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Abstract
Innate pattern recognition receptors (PRR) for microbes expressed on dendritic 

cells (DC) link direct recognition of pathogens to initiation of T cell responses.
Previously, CD40 triggering had been shown to induce IL-12 production from 

DC activated by some microbial extracts. I showed that following activation by heat- 

killed yeasts, murine DC can also make high levels of IL-10 instead of IL-12 when CD40 

is triggered. Differential IL-12 or IL-10 production correlated with the class of PRR 

triggered. Stimulation with mycobacterial components through toll-like receptor (TLR) 2, 
for example, signalled via MyD88 to condition DC for IL-12 production. In contrast, 

activation of DC by heat killed yeasts or zymosan particles via a TLR-independent 

pathway primed for IL-10 production. Importantly, zymosan induced IL-10 via the 

kinase Syk, and this could be blocked with soluble P glucans, suggesting that heat-killed 

yeasts induce IL-10 production via a glucan receptor that signals through 
immunoreceptor tyrosine-based activation motifs.

I investigated cytokine production by phenotypically defined subsets of spleen 

DC, and demonstrated that microbial stimulation determines cytokine production from 

individual subsets. For example, CD8a^ and CD4" CD8a“ subsets can make IL-10 in 

response to yeasts or IL-12 in response to other stimuli. In spite of this flexibility, there 
are functional differences between subsets. Thus the CD4^ subset cannot make IL-12 p70 

in response to any stimulus. Although many TLR are expressed in all subsets, some are 
differentially expressed; CD8a^ express more TLR3, but less TLR5 or TLR7, than the two 

CD8a" subsets. Selective absence of TLR7 in CD8a^ DC correlates with unresponsiveness 

to the imidazoquinoline R-848. To further characterise differences between DC subsets, I 

measured gene expression using oligonucleotide microarrays, and identified a number 

of new subset markers; CDS, CD22 and CD72 are expressed on CD8a“ DC subsets, while 

CDld and CD81 are expressed on CD8a^ DC.
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Chapter 1 : Introduction
The central theme of this thesis is a discussion of how innate recognition of 

microbes influences DC activation and cytokine production. I will first discuss specificity 
in innate immunity, and how recent studies have identified a family of receptors that 

recognise a wide range of microbial components. I will describe why dendritic cell 
activation is thought to have a central role in controlling adaptive immune responses, 

and consider how DC can be activated. Then I will briefly discuss how different classes 

of immune responses are thought to be generated. Several concepts related to these three 

topics led to the experiments presented in this thesis. Finally, dendritic cells are 

phenotypically and developmentally heterogeneous, and I have investigated the 

function of DC subsets throughout the current study.

Different mechanisms of immunity for pathogenic and non-pathogenic infectious 
organisms

Before I start, I would like to make the distinction between a pathogen and any 

other potentially infectious organism. We are surrounded by a myriad of organisms 
many of which would thrive in the rich environment within our bodies, and our skin 
and mucosal epithelia are home to many commensal bacteria and fungi. These do not 
trouble healthy individuals because of the potent and elaborate protection afforded by 
our immune system. The hazard posed by such organisms becomes very real for 

individuals with acquired or congenital immunodeficiency. Resistance to infection by 
these organisms is likely to be evolutionarily conserved, and will involve mechanisms 

common to a number of similar organisms (e.g. gram negative bacteria). An extreme 

example might be the opportunistic S. aureus infections that threaten bum s victims, a 
clear illustration of the importance of skin as a barrier against bacterial infection (1).

In contrast to these potentially infectious organisms, other parasites have been 

selected to actively exploit animals as hosts, and could be described as pathogens. These 
range from multi-host parasites that can also survive without any host, to obligate 

parasites dependent on a single host species. Since these organisms have mechanisms to 
actively promote parasitism, and many cause disease, I would define these as pathogens. 

The pathogen-host interaction results in co-evolution, as both the host and the pathogen 

drive rapid selection of the other. Thus, in contrast to resistance to non-pathogenic 
organisms, resistance to pathogens will be rapidly changing, and will involve 

mechanisms that are specific to particular pathogen.
Two important issues about the study of innate immunity arise from this 

distinction. Firstly, since they have tricks to interfere with or exploit the immune system, 

study of the immune system using pathogens may reveal more about these tricks than 

the function of the immune system. For example, the fact that HIV binds DC-SIGN on
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dendritic cells tells us more about how this virus gains access to CD4^ T cells than it does 
about the function of this molecule (2). Secondly, some mechanisms of immunity will 

specifically target one pathogen of that host, and will be non-conserved, possibly 

polymorphic, and only important for that particular pathogens.

Why is this distinction relevant? I will discuss how direct recognition of microbes 

via evolutionarily conserved innate receptors (such as the Toll-like receptor family) 
could be important for DC activation and initiation of T cell responses. I would like to 

point out before I start that this mechanism is likely to represent just one pathway for 

immune activation that should be important for defence against conserved, possibly 

non-pathogenic infectious challenges.

1.1 Microbial recognition and adaptive immunity______________

Innate immunity:

"...immediately available to combat a wide range of 
pathogens without requiring prior exposure..."

Adaptive immunity:

"...occurs during the lifetime of an individual as an 
adaptation to infection with that pathogen..."

Immunobiology (3).
By this definition, the innate immune system encompasses a vast array of 

features of multi-cellular organisms, from neutrophils to natural killer cells, and from 

skin to salivary amylase. It is therefore useful to make the distinction between blind' and 
sighted' defences. On the one hand, barriers such as skin, and the acidity of the stomach 

provide a physical separation or hostile environment to prevent any parasite accessing 

the host's nutrients. On the other hand, lysozyme in saliva, sweat and tears can lyse 
bacteria but not eukaryotic cells. The distinction between these types of response relates 

of course to their specificity. In this context I mean specificity in innate recognition, not 

the specificity for antigen of adaptive immune responses conferred by the T cell-receptor 
or B cell-receptor. Thus barriers such as skin and stomach acid represent non-specific 

innate defences. In contrast, lysozyme can specifically target bacterial cell wall for 

degradation.
But how could a "sighted' defence system know what to 'see'? Charles Janeway 

made the following two points, to illustrate how specificity in innate immunity could 
exist (4). Firstly, microbial parasites have existed for as long as multicellular host 

organisms, and exert enormous selective pressure on these organisms. Secondly, most 

microbial parasites have conserved and necessary features that the host does not have. 
These observations predict the evolution of conserved recognition mechanisms that 

specifically recognise microbial components that are common to a wide range of
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pathogens. Janeway coined the term pattern recognition receptor' (PRR) to describe such 

specific innate receptors, and he described the microbial components identified by these 

as pathogen-associated molecular patterns' (PAMP) (4,5).

As well as giving this rationale for the existence of specific innate receptors, he 
proposed that such receptors are crucial for the initiation of adaptive immune responses, 

and can induce costimulatory signals required for priming naïve T cells; I will discuss 

this in detail in a moment.

1.1.1 Toll-like receptors: a family of pattern recognition receptors that can 

induce costimuiation

"Now, it is one thing to have a great idea and another to 
prove it. " From Charles Janeway's obituary (6).

In 1989, Charles Janeway proposed that conserved pattem-recognition receptors 

(PRR) would exist that can induce costimulatory signals on antigen-presenting cells, and 

thereby initiate T cell immunity against infectious non-self (4). It didn't take long for his 
lab and the work of others to find a family of genes that appear to have all these abilities.

The discovery that a gene called Toll is required for anti-fungal innate immunity 
in D. melenogaster (7) provided an opportunity to look for conservation of pathways of 

microbe recognition in mammals. Toll is a transmembrane receptor linking an 
extracellular leucine-rich repeat (LRR) domain to a cytoplasmic Toll/Interleukin-1 

receptor (TIR) domain. A homologous human gene with the same combination of LRR 

plus TIR was identified and named hToll, now known as TLR4 (8). Overexpression of a 
constitutively active version of hToll induced expression of inflammatory and co

stimulatory genes (8). By directly linking the Toll homologue with induction of co

stimulation, Medzhitov and Janeway demonstrated that a protein required for fly 
immunity had the potential to initiate mammalian adaptive immune responses. The next 

step was to implicate this Toll homologue in microbial recognition. Crucially, two strains 

of mice that do not respond to the bacterial cell wall component lipopolysaccharide 
(LPS) were shown to have inactivating mutations in TLR4, providing direct genetic 

evidence that this Toll homologue is required for stimulation with bacterial cell walls (9- 

11).

A family of genes containing this characteristic LRR-TIR combination, called toll

like receptors (TLR), has been identified, consisting of nine members in mouse and ten in 

human (8,12-17). So far, TLRl-9 have all been demonstrated to be required for 

recognition of some form of microbial component (table 1.1 and 18).
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Table 1.1. A family of Toll-like receptors involved in microbial recognition

Member Trigger References

TLR1 (plus TLR2) tri-acylated bacterial lipopeptide 19

TLR2 Mycobacterial components 

(Plus many other microbial components)

20-22

TLR3 DsRNA 23

TLR4 Bacterial lipopolysaccharide (LPS) 9 ,10  and 11

Taxol (mouse TLR4 only) 24

TLR5 Bacterial flagellin 25

TLR6 (plus TLR2) S. aureus peptidoglycan 26

Zymosan 26

di-acylated mycoplasma lipopeptide 27

TLR7 Imidazoquinollnes 28

Guanine nucleoside analogs 29

TLRB Imidazoquinollnes (human TLR8 only) 30

TLR9 CpG motif containing unmethylated DNA 31

Agents in italics are not microbial components but synthetic TLR triggers. 
Summarised from review by S. Akira (18)

Although many TLR deficient mice are totally unresponsive to stimulation with 
various microbial components, it is still important to ask if toll-like receptors really are 

receptors for PAMPS? Once again it is informative to look to the drosophila model. 
Drosophila Toll is not actually a receptor for pathogens; instead it is a receptor for the 

cytokine spatzle also needed for anti-fungal immunity (7), which in turn is activated 
following cleavage by serine proteases (32). Activation of spatzle has been linked to a 
protein of the peptidoglycan-receptor protein (PGRP) family, called PGRP-SA (33). 

PGRP-SA has been shown to bind peptidoglycan (34), and members of this family also 
have enzymatic activity against peptidoglycan (35), suggesting that these proteins 

directly bind microbial components. Thus drosophila Toll is a cytokine receptor 

activated downstream of extracellular, soluble PRR such as members of the PGRP 

family.
Studies of how LPS acts on mammalian leukocytes identified the LPS-binding 

protein LBP and CD14 as components of a recognition complex long before the 
discovery of TLR4 (reviewed in 36). Since membrane-bound CD14 binds LBP-complexed 

LPS, is TLR4 simply required for signalling by this complex? Currently, the best 

evidence that TLR4 is directly involved in LPS recognition comes from gain-of-function 
experiments using TLR4 genes from different species. Species-specific recognition of 

different LPS structures can be attributed to differences in TLR4 sequence (37,38). 
Similar genetic evidence suggests that human and mouse TLR9 genes encode different
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extracellular domains that recognise distinct CpG DNA motifs (39). The implication is 
that direct contact between the extracellular LRR domain and the LPS or DNA structure 

must occur, thus TLR4 and TLR9 must be genuine receptors for microbes. However, the 

importance of CD14 and LBP for LPS recognition serve as a reminder that even if TLR 

directly contact microbial ligands, they probably don't bind microbial molecules alone, 

but probably serve as a critical transmembrane signalling component of a multi-protein 

complex (40).

The recent discovery of the TLR family has had a big impact on the field of 
immunology for two reasons. Firstly, the link between specific innate receptors and 

upregulation of costimulation to prime T cells proposed by Janeway raised awareness of 

a direct link between microbial recognition and initiation of T cell immunity (4,8). 
Similarly, TLR were shown to be crucial molecules that could signal for inflammatory 
cytokine production from macrophages (41). Secondly, the very specific defects seen in 

TLR-deficient mice in response to a wide range of agents illustrate the importance of 
these transmembrane signalling molecules for sensing many different microbial 

components (42).

1.1.2 Other innate receptors for microbes

Although TLR are currently the most popular family of innate immune proteins, 
it is worth remembering that specificity in the innate immune system has been studied 

for a long time, and TLR are a new addition to a large field of study. I will describe some 
other examples of transmembrane receptors involved in host defence. I will also mention 

examples of humoral and intracellular innate receptors, and an alternative kind of 
specificity in innate immunity, the missing self hypothesis.

Cell surface receptors

Cells such as macrophages and DC express many transmembrane receptors that 

bind an range of different ligands, many of which function as innate receptors for 

microbes (5,43). These include receptors with C-type lectin-like domains, members of 
the scavenger receptor family, and the complement receptor C D lS/C D llb.

A growing family of transmembrane receptors with C-type lectin-like (CLECT) 
domains have been identified on APC, some of which bind microbes via characteristic 

carbohydrates (44). The mannose-receptor (MR) binds terminal mannose, fucose and N- 

acetylglucosamine via calcium-dependent C-type lectin domain(s) (45). DC-SIGN also 

has calcium-dependent C-type lectin activity, and binds terminal mannose and fucose 

(46). In contrast, dectin-1 contains an atypical C-type lectin-like domain, which shows 

calcium-independent binding to 1,6-beta-glucans (47). All of these receptors have been 
implicated in the uptake of a variety of microbes. The MR has been shown to bind yeast, 

bacteria and mycobacteria (45); DC-SIGN has been shown to bind yeast, mycobacteria
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bacteria and mycobacteria (45); DC-SIGN has been shown to bind yeast, mycobacteria 
and also parasites including L  major and S. mansonii (46,48); and dectin-1 confers the 

ability to phagocytose the yeast cell wall particle zymosan (47).

Members of the scavenger receptor family are characterised by host lipoprotein 

binding, but also function as defence molecules. For example, SR-A can facilitate uptake 

of bacteria, presumably by binding ligands such as bacterial LPS, peptidoglycan and 

DNA (49). The binding of microbial products by such receptors might be due to 
polyvalent low affinity interactions, for example for polyanionic ligands (49).

Phagocytosis of host products such as modified low-density lipoproteins is an important 

function of these receptors, which is perhaps not surprising considering the crucial role 

of macrophages in tissue remodelling and homeostasis. However, it is quite clear that 

such receptors are also required for host defence, since SR-A-deficient mice are 
susceptible to bacterial infection (50,51).

The integrin CDlB/CDllb, also known as the type 3 complement receptor (CR3) 

has a primary role in uptake of complement-opsonised particles. In addition, direct 
binding of CR3 to yeast beta-glucans, as well as other microbes including parasite and 

mycobacterial lipopeptides has been described (52,53). Study of this receptor could be 
complicated by opsonic iC3b binding, since particles such as zymosan can potently 
activate complement. Indeed, CR3 was not required for non-opsonic uptake of zymosan 

by BM-derived macrophages (54).

It is likely that microbe binding by phagocytes is mediated by multiple receptors 

binding many polyvalent ligands. The relative contribution of each of these receptors for 
uptake of particular microbes may depend on the cell type, and remains to be 

systematically investigated. For example, dectin-1 may be an important receptor for 

uptake of yeasts by elicited peritoneal and BM-derived macrophages (54), but is 
expressed at lower levels on resident peritoneal macrophages and is not the only 

receptor for yeasts on these cells (55). Further, some of these molecules may be 

deliberately targeted by pathogens. Thus DC-SIGN is utilised by HIV to gain access to 

CD4 T cells via DC (56), and may also be targeted by virulent M. tuberculosis to inhibit 

macrophage activation (57).

Many of these receptors appear to have host-derived ligands, as well as binding 

microbes (43). If a pattern recognition receptor discriminates between self and infectious 

non-self (5), then such receptors might at first sight not fit with this definition.

CR3 has complement binding domain and a distinct glucan binding domain (53). 

Dectin-1 has a C-type lectin-like domain which binds beta-glucans, but also has a distinct 
T cell binding structure (47,58). Similarly, DC-SIGN binds carbohydrates but also has a 

cell adhesion function via molecules such as ICAM-2 (2,46). In contrast, scavenger
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receptors probably bind a wide range of ligands which are all characteristically 
polyanionic, from host modified low-densisty lipoproteins to bacterial 

lipopolysaccharide (49). Perhaps these receptors can be divided into two categories. The 

first category contains those with multiple domains that recognise different ligands. 
These could still have different responses to host or microbial ligands, since they depend 

on distinct structural elements. Thus, these receptors would each have the potential to 

distinguish microbes from self-derived ligands. The second category consist of receptors 

that bind multiple ligands via the same site. These are likely to treat ligands 

indiscriminately, are therefore unlikely to distinguish self- from non-self ligands, and 
may be more important for clearance of microbial and host debris.

Little is known about if or how many of these receptors transduce signals into 
APC. For example, in contrast to FcR-mediated phagocytosis, CR3 only mediates 

efficient phagocytosis following activation of the phagocyte (59). This suggests that FcR 

signal directly, whereas CR3 requires signalling via other receptors to trigger rapid 
phagocytic uptake. Indeed, it was the discovery of TLR that finally provided a molecular 

basis for macrophage activation, as opposed to microbe-binding, when TLR were shown 
to be required for TNFa production in response to various microbes (41). However, even 

non-signalling receptors could still be crucial for innate recognition (as well as clearance) 

of microbes, to allow optimal signalling by receptors such as TLR. I will discuss the issue 
of signalling from innate receptors in more detail in chapter 6.

In conclusion, a wide range of transmembrane receptors, ranging from scavenger 
receptors to TLR, have been implicated in microbial recognition. These receptors bind a 
range of different components of microbes, many also bind a range of host-derived 
ligands, and have differing abilities to signal into cells.

Extracellular and intracellular innate recognition

Serum and extracellular spaces also contain many innate resistance proteins. 

Collectins such as mannan-binding lectin (MBL), with specificity for a variety of 
carbohydrates, represent the most ancient pathway of complement activation (60). Even 

though antibodies are a potent adaptive effector mechanism, natural' antibodies exist 

that do not require conventional immunisation to induce. Since IgM that binds bacteria, 
fungi and viruses is present in germ-free animals and since some natural IgM is encoded 

by invariant V-regions, this natural antibody should be considered as another specific 

and conserved innate defence (61).
Cell-surface or extracellular receptors for components of microbes are no use if a 

pathogen gains entry to the cytoplasm. Specialised intracellular receptors exist that can 
sense bacteria or viruses that have crossed the cell membrane. For example, cells such as 
epithelial cells express Nodi, which is required for activation of these cells by a
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introduced into the cytoplasm of such cells to induce activation via N odi (64). Most viral 
replication progresses via a dsRNA intermediate, and eukaryotic cells are very sensitive 

to dsRNA (65). Many mechanisms, including the enzyme PKR, recognise viral dsRNA in 

the cytoplasm (66).
Finally, it is worth mentioning one rather different form of specific innate 

immunity. The 'missing self hypothesis was proposed to explain the specificity of 

natural killing by NK cells (67). The basic concept is that lack of protective signals leads 

to triggering. For example, NK cells express inhibitory receptors for MHC class 1; cells 

lacking the correct class I molecules are killed. Similarly, any surface lacking 
complement-inactivating molecules will be coated with complement activated by the 

alternative pathway.

In conclusion many innate receptors for microbes, with varying specificity and 

ability to signal, exist not only on the surface of APC and phagocytes but in serum and 

extracellular spaces and within cells.

1.1.3 Interplay between innate and adaptive immunity

The innate and adaptive immune systems are largely interdependent. Many 
'innate' effector mechanisms are coupled to antigen recognition by adaptive immune 
responses (i.e. antibody production or T cell activation). For example, complement is 

activated by antibodies via the classical pathway, antibody coated cells are killed by NK 
cells, and T cell-derived IFN-y increases macrophage activity. Conversely, it has become 

clear that innate defences feed into the adaptive immune system both generally (for 

example during acute inflammation), and by some very specific mechanisms.

Many processes by which adaptive immune responses are generated are 

enhanced by acute inflammation. Endothelial activation influences leukocyte migration, 
for example by allowing activated T cells to target the site of inflammation. At sites of 

inflammation, increased lymphatic flow will target antigens to lymph nodes, a process 
thought to be critical for generation of immune responses (68). Finally, as 1 will discuss 

in detail later, DC are activated by inflammatory cytokines, and DC activation by these 

cytokines can be crucial for T cell priming (69).

As well as these general features of innate inflammation, several very specific 

mechanisms have been identified whereby the innate immune system induces both B cell 

and T cell immunity.

Complement bound to protein not only targets antigens to secondary lymphoid 

organs and to B cells via follicular dendritic cells, but also directly activates B cells via 
CD19/CD21. Thus C3-tagged protein antigen triggers antibody production at far lower 

doses than untagged protein (70). Neutrophils are rapidly activated phagocytes required
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for initial resistance against many pathogens. Aldehyde modification of proteins, 

possibly by enzymes released by activated neutrophils, also increases their B cell 

immunogenicity (71). B cells can also be directly activated via TLR by microbial products 

such as CpG DNA (31, 72).
Innate immunoglobulin, termed natural IgM, is required for some T cell 

responses (73), presumably by complexing antigen and activating complement, thereby 

targeting antigen to T cells in secondary lymphoid organs (61). As I will discuss in detail 
in the rest of this chapter, innate recognition directly influences T cell discrimination 

between self and infectious non-self (4). Thus molecules such as TLR induce 
costimulatory molecule expression on APC such as dendritic cells (5,74). Similarly, NK 

cells which rely on 'missing self recognition, may be able to enhance T cell immunity via 

DC activation (75).

In conclusion, the study of innate immunity and pattem-recognition receptors is 

becoming increasingly relevant to our understanding of adaptive immunity.

1.2 T cell priming and dendritic cell activation________________

I will briefly introduce CD4 T cells and how naïve T helper cells can be activated. 
Dendritic cells were identified as cells with a remarkable ability to prime T cell 

responses. This ability is not constitutive, and requires maturation or activation. I will 
describe various parameters of DC activation which correspond to various requirements 

for T cell priming. Finally, I will consider two classes of stimuli that can induce DC 
activation. The first DC maturation signals identified were endogenous cytokines such as 

TNFa. However, DC also appear to be activated by exogenous factors, and the stimuli 

that I have studied in detail in this thesis are microbial products.

1.2.1 Initiation of helper T cell responses

CD4^ T helper cells, which recognise peptide antigen bound by MHC class II 

molecules, are central to many adaptive immune responses. This is because they can 
influence three major types of effector functions: by providing help for B cells, they can 

induce class-switched immunoglobulin secretion; by providing help for APC, they can 

promote generation of CD8^ cytotoxic T cells; and finally, they can provide direct effector 

functions, for example by promoting macrophage activation via IFN-y secretion.

As their name implies, T cells develop in the thymus. After the genes encoding 

the TCR are rearranged, T cells undergo positive selection, such that TCR that do not 

bind MHC class II at all die, and negative selection, such that TCR that bind thymic 

antigens too well are deleted. Once a mature repertoire of naïve T cells leave the thymus, 
they can respond to antigen presented by a variety of antigen presenting cells.
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Immunologists have always debated exactly how the immune system decides' 
what to respond to. Although the repertoire of T cells is controlled by positive and 

negative selection in the thymus, it is still not clear how mature peripheral T cells can 

respond to microbial antigens and protect the host, without responding to host antigens. 

Instead of considering this long-debated problem, 1 would prefer to discuss what signals 

are needed to fully activate a peripheral CD4^ T cell, and what cells provide these 

signals. Independent studies of these two questions suggested that one way the immune 
system decides' what to respond to is by controlling antigen uptake, presentation and 

also costimulation on dendritic cells.
Binding of specific peptide antigen presented on MHC class 11 molecules leads to 

signalling into T cells from the TCR. But signalling from the TCR does not alone lead to 

productive activation of naïve T cells. Signalling through CD28 by ligands such as CD80 

or CD86 provides a critical costimulatory signal. Thus, in two-signal models of T cell 

activation, TCR triggering by cognate antigen is termed signal 1, and costimulation via 

molecules such as CD80/CD86 is termed signal 2. Signal 1 induces no activation or even 
deletion or anergy of naive T cells, but combination of signals 1 plus 2 triggers full 

activation. In contrast, previously activated effector T cells can be triggered by signal 1 
alone. The requirement two signals for naive T cell activation was further refined by the 

observation that both costimulation plus antigen must be presented on the same APC 

(76).

1.2.2 Mature dendritic cells can potently activate na ve T cells

Parallel to the development of such two-signal models of T cell activation, a 

potent new type of APC was discovered. Thus early experiments identified a cell type 
with dendritic morphology found in mouse lymphoid organs, that potently primed T 

cell activation in a mixed-lymphocyte reaction (MLR) (77). These dendritic cells' shared 

functional and morphological characteristics to veiled cells' identified in rat peripheral 

lymph (78), and Langerhans cells (LC) in skin (79). Three important and related 

observations followed. Firstly, the T cell-stimulatory capacity of DC such as LC increases 

following culture. Secondly, antigen capture by DC decreases with culture. Finally, these 
in vitro changes correspond to migration of DC in vivo. These and other observations led 

to the understanding that DC undergo a process termed maturation, a process that is 
critical to our current model of how these APC control T cell activation.

This model is discussed in detail in reference 80. Briefly, DC act as sentinels in the 

periphery, with low T cell stimulatory activity, but on activation traffic to secondary 
lymphoid organs with antigen (or traffic within secondary lymphoid organs to the T cell 

areas), which is processed and presented with high levels of costimulatory molecules, to 

initiate T cell immunity. Thus DC reside in an immature state in all tissues. Immature 
DC can capture antigen in the periphery, having high endocytic and phagocytic activity.
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However, they express low levels of MHC class I and class II molecules, and do not 
present antigen at high levels. Low levels of costimulatory molecules ensures that 

immature DC have low T cell stimulatory capacity. Maturation is accompanied by 

migration to lymphoid organs where naïve T cells reside. This migration is accompanied 
by increase in antigen presentation and expression costimulatory molecules, that 

corresponds to a large increase in T cell stimulatory capacity.

The term maturation' can be applied to DC migrating constitutively from the 

periphery in the steady state (81,82), a process that may be important for maintenance of 
peripheral tolerance (83). The term activation' implies an induced state; therefore I use 

the term activation in this thesis to imply a form of maturation induced by inflammation 

and /o r encounter with microbes. Other forms of activation may also exist, that 
correspond to other functions such as tolerance induction (84), although I will not 

consider this possibility here.

In conclusion, DC maturation or activation is central to our current 

understanding of T cell priming; inducible costimulation and antigen presentation 
following activation of DC provides all the signals required for naive T cell activation.

1.2.2 Measurement of DC activation or maturation

Most aspects of DC activation can be monitored either functionally or by 

measuring the levels of critical molecules.

DC activation can be measured functionally by testing for an increase in T cell 

stimulatory capacity. For example, T cell proliferation was measured in early studies that 
identified the process of DC maturation (79). Similarly, antigen uptake, processing and 

presentation were measured in experiments measuring T cell stimulation following 
pulsing DC with exogenous soluble antigen (85). Migration can be measured 

functionally by analysis of DC location, and in vivo inflammatory challenge caused rapid 

DC migration from tissues to secondary lymphoid organs (86,87), and DC resident in 

secondary lymphoid organs migrated to T cell areas (88).

As well as functional measurements, more precise measurements of DC 
phenotype allows detailed study of DC activation. Signal 1 levels can be measured by 
staining for surface MHC class I or II molecules. For example, MHC class II complexes 
are more stable and expressed at higher levels after activation (89). Antibodies that 

measure specific peptide-MHC complexes also illustrate an increase in presentation of 

antigen by DC following activation (90,91). Modulation of antigen uptake and migration 

can also be measured by staining for critical molecules. For example, as antigen uptake 

drops following activation, surface staining for uptake receptors such as FcgR falls 

rapidly (79). DC migratory capacity can also be estimated by analysis of chemokine
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receptors that control DC movement. Thus CCRl and CCR5 are downregulated, and 
CCR7 is upregulated during maturation of human DC (92,93). Staining for molecules 

such as CD80 and CD86 provides the simplest measurement of signal 2 levels. Thus DC 

upregulate CD86 levels following maturation in vitro, and blocking CD86 inhibited the T 

cell stimulatory capacity of DC (94,95). Other surface markers also increase on activation 

including adhesion molecules such as ICAM-1 (79). CD40, the receptor for CD40L 

expressed on activated T cells, is also upregulated during DC activation (96). Finally, it 

has become increasingly clear that various cytokines, such as IL-12, produced by DC 

following activation have important effects on T cell differentiation; this topic forms the 

main part of this thesis and will be discussed in much depth later.

In conclusion, DC activation can be measured functionally (e.g. T cell 
stimulation) or by measurement of marker molecules that are critical to T cell activation 

(such as costimulatory molecules). As the mechanisms by which DC are activated are 

dissected, it will become possible to measure even more parameters, such as activation 
of the NF-kB pathway or calcium flux.

1.2.3 Endogenous DC activation signals

All of these changes are induced on DC by two classes of stimuli. The first agents 
shown to activate DC were endogenous signals from the host. I will discuss the second 
category, exogenous stimuli, in the next section

Endogenous stimuli can be further sub-divided into three groups. Firstly, many 

mediators synthesised by the host during inflammation, such as TNFa, and IL-1 can act 

directly on DC and promote activation. Secondly, DC activation can be triggered or 

modulated by feedback mechanisms from ongoing adaptive immune responses, or by 

activated T cells. Both of these mechanisms can be described as induced host-derived 

signals. Thirdly, it has been suggested that pre-packaged alarm signals' released by 

tissue damage (or danger ) intrinsically induce DC activation (97).

Endogenous activation signals part 1: induced signals.

Although TNFa was originally described as a growth factor for DC (98), it soon 

emerged that it specifically promotes DC maturation rather than growth (99). Does this 

mean that the T cell stimulatory capacity of DC is enhanced by this potent inflammatory 

cytokine?

"Inflammation is the local reaction of living tissue to 
any severe cell i n j u r y "  Essentials of pathology {100).

In this context, inflammation is a very thoroughly investigated phenomenon. 

First described in detail by Roman physicians, the mechanisms and processes of acute 
inflammation have been studied intensively for the last 100 years. Primary mediators of
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acute inflammation include histamine and kinins, and also products released by 
activation of the alternative complement pathway. Inflammatory cytokines such as 

TNFa and prostaglandins and leukotrienes are also released (100,101). Acute 

inflammation is often minimised by the experimental methodology used by 

immunologists (e.g. use of sharp sterile needles to deliver antigen intravenously), 

however, acute inflammation must be important for immune responses to 
environmental microbial challenges such as wounding (101).

Many features of the acute inflammatory response, such as neutrophil 

recruitment and activation, are classic mechanisms of innate immunity. However, acute 
inflammation can also drive DC activation. Many inflammatory cytokines can activate 

DC, including IL-lb, TNFa, type-I interferon (IFN-I) and IL-15 (99,102-104,105). Other 

mediators of acute inflammation such as prostaglandins and bradykinin can also 

enhance or drive DC activation (106,107).

As well as the effects of inflammatory signals on DC, there are various feedback 

mechanisms whereby DC are activated or modulated by established adaptive immune 
responses. FcgR binding by immune complexes induces DC activation, indicating that 

existing B cell immunity can feed into T cell priming by efficiently targeting antibody- 

antigen complexes to these APC (108). T helper cell-derived cytokines such as IFN-y and 

IL-4 have potent effects on DC cytokine production (109,110).

A third category of induced endogenous signals includes molecules expressed on 

activated T cells, such as CD40L, that also activate DC (99, 111). These molecules are 

thought to represent a feedback process from a T cell as it is activated by an activated 
DC; the effects of CD40 triggering and T cell feedback on DC activation will be discussed 

in depth in chapter 3.

Endogenous activation signals part 2: pre-packaged danger.

As well as sensing inflammatory cytokines and related molecules, it has been 

suggested that the contents of any host cell can directly activate DC. Specifically:

"Any structure that is normally found inside but not 
outside cells (such as DNA, RNA, mitochondria, highly 
mannosylated nascent glycoproteins, etc.) may act as a pre
packaged alarm signal. " Anderson and Matzinger, 2000 (97).

Examples of this process include DC activation following culture with freeze- 

thawed cell lines (104,112). Proposed mechanisms include release of cytoplasmic heat- 

shock proteins (113), and ATP (114).

The mechanism of acute inflammation, which results in all the processes 

described above, has been studied for a very long time. Since we know that many 
components of acute inflammation are capable of activating DC, it is important to try
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and dissect to what extent DC activation would be driven by direct action of such 'pre

packaged alarm signals'. I would further question the relevance of activation of DC 

purely by the contents of lysed cells in the context of a real immune challenge, when 

infectious agents are present too.
In order to assess the relevance of DC activation by pre-packaged alarm signals’ 

it is necessary to dissect the molecular mechanism of action. By analogy, IFN-I-R- 

deficient mice were used to demonstrate the important role of the inflammatory cytokine 
IFN-I in immunity (69). However, relatively little is clear about exactly how DC become 

activated by danger'. Several reports have suggested that HSPs activate DC via TLR4 
(115,116). However, in some experiments LPS-free HSPs do not activate DC (117), 

suggesting that contaminating LPS rather than HSP may be activating DC through TLR4. 

Similarly, the activation of DC by whole cell lysates has been suggested to be due to 
mycoplasma contamination (118).

It is unlikely that all examples of DC activation by cellular components are 
simply due to microbial contamination. As we leam more about how these cytoplasmic 

danger signals act on DC, we must add them to the growing list of agents that promote 

DC activation.

1.2.4 Exogenous DC activation signais

As well as induction of DC maturation by inflammatory cytokines, it soon 
became apparent that DC activation can be potently induced by microbes and microbial 
products. In fact, a massive number publications discuss some form of DC activation 

induced by any imaginable microbe or microbial component. Whereas in 1998 it was 
possible to discuss all known examples of DC activation, (119), it is no longer possible to 

comprehensively review all publications on the subject. Instead, I have listed some 

examples of reports of different forms DC activation, induced by various experimental 

models, by different microbes and components of microbes (Table 1.2)
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Table 1.2 Examples of DC activation by various microbes

Microbe/product Cell type Type of challenge/ effect 
measured

Reference

Virus
Influenza infection Mouse BM-DC In vitro/activation 120

PolyI.C Human Mo-DC In vitro/activation 121

Bacteria
Whole killed bacteria Mouse DC cell line In vitro / activation 122

Mouse tissue DC In vivo /IL -12 production 123

LPS Rat lymph DC In wVo/migration 86

Mouse tissue DC In vivo /migration 87

Human Mo-DC In vitro /activation 85

Mouse DC cell line In vitro /activation 124

CpG-containing Mouse BM-DC In vitro /activation 125

Oligonucleotides Mouse LC In vivo /activation 126

Bacterial DNA Mouse tissue DC In vivo /activation 127

Live M. tuberculosis Human mo-DC In vitro /activation 128

Whole killed BCG Mouse BM-DC In vitro /activation 129

BCG cell wall components Human mo-DC In vitro /activation 22

Fungi/yeasts
Live C. albicans Mouse tissue DC In vitro /activation 130

Live S. cerevisiae Mouse BM-DC In vitro /activation 131

Protazoan parasites
Leismania donovani In wVo/IL-12 production 132

Leismania major In wfro/IL-12 production 133

Live Plasmodium schizonts Mouse BM-DC In vitro /activation 134

Extract of T. gondii Mouse tissue DC In WVO/IL-12 production 135

Based on reference 119.

Since endogenous signals such as inflammatory cytokines promote DC 

activation, and these inflammatory cytokines can be produced by a wide variety of cells 
in response to microbial stimuli, it is crucial to establish if activation of DC following 

microbial challenge is a direct or indirect effect. Indeed, LPS-induced migration of DC 

from tissues is partially dependent on TNFa (87). However, the large number of reports 

of stimulation of DC in vitro (albeit at varying purity) suggests that DC can be directly 

activated by many microbes. In order to fully understand the relative importance of 
direct vs indirect recognition of microbes in vivo, characterisation of the mechanisms by 

which DC can be directly activated by microbes is critical.
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1.3 Different classes of immunity___________________________

As well as understanding how T helper cell responses are induced, it is important 

to ask how many different effector mechanisms can be targetted to particular challenges. 

The conceptual basis for the current paradigm is the existence of two opposite T helper 

cell classes, called Thl and Th2 (reviewed in 136), These responses are characterised by 

distinct effector mechanisms, such that different Th cells produce distinct cytokines on 
stimulation, which subsequently influence various other cellular and humoral responses. 

Thl cells produce IFN-y, IL-2 and TNFa, and type 1 responses are characterised by 

production of IgG2a. IFN-y can activate macrophages, endothelium and tissue cells, and 

Thl responses are required for protection against bacterial infection and intracellular 
pathogens including Listeria monocytogenes, Leishmania major and Toxoplasma gondii. Th2 

cells produce IL-4, IL-5, IL-10 and IL-13, and type 2 responses are characterised by 

production of IgGl, and also associated with IgE production. Type 2 responses dominate 
in protection against helminthic and nematode parasites including Schistosoma mansonii 

and Brugia malayi.

T helper cell differentiation is a very complex subject, and though many issues 

have been investigated, such as instruction vs selection models and molecular 

mechanisms of cytokine gene transcription (136), many questions remain about exactly 
how this process occurs. In order to simplify this discussion, I will concentrate on 
discussing the issue of priming. In other words, how is T cell differentiation controlled at 

the point of initiation? Further, I will concentrate on the best characterised response, 

which is the type 1 response to intracellular pathogens, characterised by IFN^y 

production.

1.3.1 T helper cell differentiation is controiied by many factors inciuding 

cytokines such as IL-12

Rather than attempting to comprehensively review all that is known about T 

helper cell priming, I will consider the importance of IL-12 in the generation of Thl 

immunity. As well as IL-12, other cytokines and many cell-surface signalling molecules, 
transcription factors, and other variables have also been shown to influence T helper cell 

differentiation. For a discussion of all factors shown to influence Th differentiation to 

date, see reviews such as 137,138 or 136. T cell differentiation can also be affected by 

factors such as Ag dose (139,140) and T:DC ratio (141) that have no obvious correlate in 

terms of generation of immunity in vivo.

Early work identified cytokines that potently influence the differentiation of Th 

cells when stimulated in vitro. Thus IL-12 potently induces Thl cells, whereas lL-4 
induces Th2 cells (142). Importantly, IL-12 confers protection against specific pathogens.
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when administered to mice at certain times after infectious challenge, for example with 
L. major (143). It is interesting therefore to ask whether IL-12 is required for Thl 

responses to infection. I will briefly discuss evidence from study of knockout mice, and 

also from investigation of humans with defects in their IL-12 receptor gene. More 

thorough discussion of the role of IL-12 in immunity can be found in reference 144.

It is important to point out that the cytokine IL-12 comprises a heterodimer of 

two subunits, transcribed from the IL-12 p40 and IL-12 p35 genes. IL-12 deficient mice 
showed impaired Thl induction and were also more susceptible to infection by 

pathogens such as L  major and mycobacteria (137,145,146). However, an essential role 
for IL-12 p70 in protection against some of these pathogens was questioned when IL-12 

p35 knockout mice were generated, which survive infection with M. tuberculosis better 

than IL-12 p40 knockout mice (147). Study of IL-12 pI9 knockout mice, which are 
deficient for the cytokine IL-23 (an IL-12 p40 plus IL-12 pI9 heterodimer), may clarify the 

requirement for this cytokine in these responses. Further, not all infections characterised 

by T cell IFN-y production require IL-12. Thus viral infection with LCMV or VSV 

induced robust and protective type I responses in IL-I2-deficient mice (148).
The human equivalent of studying knockout mice is to search for congenital 

deficiencies. Thus three patients presenting with severe recurring infection with non- 
pathogenic mycobacterial strains or salmonella were shown to have mutations in the IL- 
12 receptor (149). However, a larger study suggested that this severe infection phenotype 
has a low penetrance in IL-I2R-deficient individuals (150). Further, although primary 

infection with mycobacteria such as BCG showed increased severity, these individuals 
mounted protective adaptive responses and these infections did not recur (150). In 

contrast, recurrent Salmonella infections suggest that adaptive immunity to this pathogen 

is deficient (150). Thus in humans IL-12 appears to be helpful for optimal immunity to 
specific infections (and particularly innate protection), but is clearly redundant in other 

infections (151).

In conclusion, two points can be made. Firstly, cytokines such as IL-12 represent 

one important level of control of Thl induction. Secondly, many aspects of this field 

contain uncertainty or controversy, probably because of the complexity of the system 
being studied. That is not to say that the model is not valid, but merely that it is 

simplified for the sake of clarity.

1.3.2 DC are a major source of IL-12

If IL-12 is a potent inducer of IFN-y production from CD4^ T cells, it is pertinent 

to ask where IL-12 comes from, in order to understand how Thl responses are primed.

Early reports suggested that microbial stimuli might directly induce IL-12 
production from macrophages (152). Two questions remained about how macrophages
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could control Th cell priming by making IL-12. Firstly, if DC prime naïve T cells, a three 
cell interaction of T cell, DC and macrophage would be needed for effective control of Th 

differentiation. Secondly, IL-12 production by macrophages is dependent on activation 

by the Thl-derived cytokine IFN-y (153), posing the question of how IL-12 production 

can be induced in the absence of an existing Thl response. A solution to this paradox 

was provided when various reports suggested that DC can make IL-12, and priming of 

IFN-y producing T cells by DC is dependent on IL-12 (154-156). Further, DC make much 

more IL-12 than macrophages, and IL-12 can be induced independently of IFN-y or T cell 

feedback via CD40 (88). Similarly, during Leishmania donovani infection, IL-12 production 

was identified predominantly from CDllc^ DC (132). These and many more studies led 

to the current belief that DC are a primary source of IL-12.

In conclusion, it was demonstrated that DC can not only produce high levels of 
IL-12, but can prime Thl cells in a manner dependent on IL-12. Further, IL-12 production 
can be induced by microbial cues or by stimulation with CD40L. Together, these 

observations provide a model where DC not only prime naive T cells, but can also drive 
Thl differentiation by production of IL-12. This model suggests a number of questions 
about the relationship between CD40L and microbial activation, and also the effects of 
microbial activation and cytokine production, which formed the basis of my PhD 
research.

1.4 Heterogeneity of dendritic cells_________________________

Various populations of DC have been identified in a variety of different 

organisms and organs. Since I made use of C D llc‘’"®*’‘ DC derived from mouse spleen, I 
will discuss here a little about what is known about the phenotype and development of 

splenic DC subsets.
In mouse spleen, three CDllc^ subsets exist. Two subsets were originally 

described on the basis of CD8a and C D llb staining. The CD8oc ,̂ CDllb'°'^ cells, also 

express the DEC-205/CD205 and CD24a antigens and are known as CD8a^ DC (157- 

159). However, the remaining CDllb"^ CD8a" cells are now known to comprise a major 

CD4^ CDllb^ CD8a" population, plus a CD4" CD8a" double negative (DN) population 

(160,161).

It is crucial to establish if phenotypic differences really represent distinct cell 

types, or different developmental stages of the same cell. Study of the turnover of DC 

suggested no obvious precursor-product relationship between spleen CD4^, CD8a^ and 

DN DC (162,163). More importantly, several transcription factor knockout mice have 
been identified with complementary deficiencies in these populations: RelB is selectively 

expressed in CD8a" DC, and CD8a“ DC are absent from RelB-/- mice (164); in contrast
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ICSBP is selectively expressed in CD8a^ DC, and CD8a^ DC are absent from ICSBP-/- 

mice (165,166); similarly, Id2 knockout mice also have a selective absence of CD8a^ DC

(167). There could be many reasons why loss of each of these genes could have such 

dramatic effects on DC populations. However, if CD8a^ DC can be present and 

apparently normal when the CD8a" subsets are absent, it is unlikely that CD8a" DC 

could be precursors for CD8a"  ̂DC; conversely, since CD8a~ DC can be present when 

CD8a^ DC are absent, it seems likely that these cell types represent distinct lineages.

Although these subset-deficient mice suggest that CD8a^ and CD8a" DC arise 

from distinct differentiation pathways, the demonstration that transferred CD8a" DC can 

acquire CD8a expression was suggested to indicate 'inter-conversion' of these cell types

(168). An alternative explanation of this observation is that CD8a expression is up- 

regulated on some DC following activation (169), but the resulting cells do not express 

CD205 and have a distinct phenotype from the constitutively CD8a-expressing CD205^ 

CDllb" DC in spleen. Further, another study suggested that the few CD8a^ DC found 

following transfer of CD8a DC may derive from non-DC precursors (170). Thus 

confusion arises from the unfortunate nomenclature; not only can CD8a expression be 

induced on cells other than the so-called 'CD8a^ DC' in spleen, but CD8a"^" mice have 

normal numbers of CD205"  ̂DC in spleen (169,171). Thus CD8a expression is neither 
necessary or exclusive to this cell type. Although this nomenclature is not ideal, there is 

currently no alternative. Thus, when I mention splenic CD8a^ DC, I refer specifically to 

the CDllc^"^^*, constitutively CD8a‘’"®'’‘ DC that are immature and express CD205.

Many people have referred to CD8a^ spleen DC as lymphoid DC', and CD8a 

DC as myeloid DC'. This was based on observation that CD8a^ DC preferentially 

developed following transfer of thymus-resident cells (172). However, more recent cell- 

transfer experiments conclude that both CD8a^ and CD8a~ spleen DC subsets can 

develop from a common myeloid precursor (173). More immediate DC precursors 

include monocytes (174), monocyte-like "pre-immunocytes " (175) and a similar CDllc"^"" 

blood cell (176), all of which differentiate into cells with characteristic DC markers and 
behaviour. Some DC in lymph nodes represent tissue-draining DC. For example, 

CDllc^"^^"  ̂CD205*’‘®'̂  CD40*’'®̂ DC identified in skin-draining LN are thought to represent 
mature LC (177). However, it is worth noting that the majority of DC in spleen, and 

many DC in LN, are immature resident DC (discussed in 90).

As well as the CDllc^"^^* DC found in mouse spleen and LN, and tissue resident 

DC such as LC in skin, another potent APC type worthy of classification as a DC has 

been identified. A dendritic cell population defined functionally on the basis of T cell 

stimulatory capacity (178) was shown to be equivalent to plasmacytoid T cells' identified



28

histologically (179). These cells were also demonstrated to be equivalent to 'type-I 
interferon-producing cells' because of their ability to secrete high levels of IFN-I in 

response to viral infection or CD40L (180 and 181),

More recently, plasmacytoid dendritic cells (PDC) were identified in the mouse 

(169,182-184). Spleen PDC are CDllc^"" and express B220 and Ly6C, and like human 

PDC produce high levels of IFN-I and differentiate into DC, following activation with 

microbial stimuli or CD40L.

In conclusion, various phenotypically and developmentally distinct DC subsets 
have been identified. Of course, such differences are only of academic interest without 

an understanding of how these subtypes differ functionally. Much has been discussed 

about functional differences between DC subsets, for example their ability to prime 
different T helper responses, their ability to produce cytokines such as IL-12, and their 

ability to respond to different microbes. Some of these issues will be addressed in 

chapters 5,7 and 8.

Summary of questions addressed in this thesis______________

Given the importance of DC in activating CD4^ T cells, and the possibility that 
DC-derived cytokines such as IL-12 can drive T helper cell differentiation, an 

understanding of the signals that control cytokine production from DC seems crucial. 
Further, the possibility that different microbial signals might directly influence cytokine 

production from DC could explain how the class of immune response is tailored to 

combat a particular pathogen. Finally, it is possible that distinct subsets of DC could 
have differing abilities to produce cytokines or respond to microbes.

-In chapter 3 ,1 studied the effects on cytokine production of CD40 triggering and 
microbial activation.
-In chapter 4 ,1 will describe a screen that identified microbial extracts that induce the 

production of different either IL-12 or IL-10 from DC.

-In chapter 5 ,1 compared the ability of DC subsets to respond to different microbes and 

make IL-12 or IL-10.
-In chapter 6 ,1 investigated the innate receptors and signalling pathways by which 

different microbes induce IL-12 and IL-10 production from DC.

-In chapter 7 ,1 studied the expression of Toll-like receptors on DC subsets.

-In chapter 8 ,1 compared DC subsets using microarray analysis of gene expression.
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Chapter 2: Materials and methods

2.1 Mice

Male and female 6-14 week-old mice were obtained from Charles River (Margate, 

UK), Harlan UK (Bicester, Oxon) or from the breeding unit of Cancer Research UK (Clare 

Hall, South Mimms, UK). C57BL/6 (B6), BALB/c and C3H/HeJ mice were used 
interchangeably, after determining that the response to the stimuli used was strain 

independent. C3H/HeN and TLR4 deficient C3H/HeJ mice were compared to test for 
activation by LPS, and in many experiments C3H/HeJ mice were used to ensure LPS 

contamination could not affect the outcome.

Generation of bone-mairow radiation chimeras to study DC function

It is worth briefly mentioning some advantages and disadvantages of using DC 

derived from radiation chimeras. The practical advantage of this approach is that it 

allows testing of knockout mice from as far afield as Japan, without shipping and 
breeding these mice in this country. Further, since genetically deficient BM-derived cells 
develop in a normal (if lymphopoenic) wild-type host animal, any defect in these cells 
should be cell-intrinsic. The major difficulty however is the issue of cross-contamination 

with host-derived cells, especially when studying DC that could potentially be indirectly 
activated. Every effort was made therefore when working with such radiation chimeras 

to minimise contamination of donor-derived cells when sorting DC. Further, care was 
taken to use functional controls where possible, for example stimulation of MyD88 
knockout DC with CpG DNA which requires this gene to have any effect on DC, in order 

to ensure that sorted DC were not contaminated with significant numbers of donor- 
derived cells.

Recipient CD45.1+ B6/SJL mice were kept on acidified water for 1 week prior to, 

and two weeks after transfer. Mice were irradiated with between 40 - 50 Gy two times 
separated by 3h. 1 hour after second dose of radiation, mice were reconstituted with 

2x10^ BM cells i.v. in 0.2ml PBS. 7-12 days after reconstitution, mice were carefully 

checked for signs of anaemia or radiation sickness. 4-6 weeks after reconstitution, spleen 
DC were fully recovered (162) however the proportion of donor-derived DC depended 

critically on the radiation dose and number of BM cells transferred.

To analyse DC genetically deficient for MyD88 or TLR2, bone marrow chimeras 
were made by reconstituting lethally-irradiated CD45.1 B6.SJL mice with congenic bone 

marrow from CD45.2-expressing TLR2^ or MyD88^ mice on a C57BL/6 background 
(185,186). Control chimeras were made with bone marrow taken from control C57BL/6 
mice. In some experiments, MyD88^ mice were used from a colony established at Clare 

hall. To analyse DC genetically deficient for Syk, foetal livers from Syk"̂ '̂ x Syk"̂ '̂
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matings were removed from dl6.5 embryos by Edina Schweighoffer in Victor 
Tybulewicz's laboratory (NIMR, Mill Hill). Syk ''' foetuses were identified by a 

haemorrhaging phenotype on removal (187). Foetal liver cell suspensions from Syk^ and 

Syk-sufficient womb-mates were then used to reconstitute irradiated CD45.1 B6.SJL 
recipents. DC were purified from the spleens of radiation chimeras 5-8 weeks after 

reconstitution.

2.2 Reagents

Culture medium used was RPMI1640 (Gibco) supplemented with glutamine 

(Gibco), penicillin and streptomycin (Gibco), and 10% heat-inactivated foetal calf serum 

(Autogen Bioclear, Wiltshire).

Psoralen-inactivated adenovirus (188) was a kind gift from M. Gotten 

(Martinsried, Germany). STAg was prepared as described previously (189) from 
tachyzoites of the RH 88 strain of T. gondii, in the laboratory of Dr Alan Sher (National 

Institute of Health, MD USA). Purified E. coli LPS was a gift from Dr. Stephanie Vogel 

(Uniformed Services University of the Health Sciences, MD, USA). CpG-containing DNA 
was a phosphorothioate-linked oligonucleotide with the sequence TCC ATG ACG TTC 
CTG ATG CT (72). Tuberculin PPD was obtained from Staatens Seruminstitut, 
Copenhagen, Denmark (190). Gliadin and S. aureus peptidoglycan (PGN) were from 
Sigma (Poole, UK). The TLR7 trigger R-848 was a gift from Dr. Tsuneyasu Kaisho (Osaka 

University, Japan).
Zymosan (Sigma, Poole, UK) was boiled for 30 minutes and washed twice in PBS. 

Fluorescent zymosan was prepared by adding zymosan to fluoroscein-isothiocyanate 

(FITC; Sigma, Poole, UK) dissolved in water or CyS maleimide (Amersham Pharmacia, 
Amersham, UK) dissolved in lOOmM HEPES. After 5-30 mins at room temperature, the 

zymosan was washed 5x in PBS. The rabbit polyclonal antibody against zymosan used 

for surface zymosan staining was an opsonizing reagent from Molecular Probes (Oregon 
USA). Autoclaved cultures of S. cerevisiae (strain K700) and S. pombe (strain 513) were a 

gift of Anna Lehmann and Chris Lehane (Cancer Research UK London Research 

Laboratories). Heat-killed Candida albicans were a gift from Dr Luigina Romani 
(University of Perugia, Italy). Glucan-phosphate (prepared as described 191) and 

mannosylated bovine serum albumin (Man-BSA) were a gift from Gordon Brown and 
Siamon Gordon (Oxford, UK). Dextran was from Sigma (Poole, UK).

The TIRAP peptide and control peptide (192) were made by the Cancer Research 

UK peptide synthesis service. The blocking mAb against IL-10 was clone JES5-2A5 
(Pharmingen, San Diego CA USA). Latrunculin B was from Calbiochem (San Diego, CA 

USA). GM-CSF was made by the Cancer Research UK protein purification service, and 

batches were titrated to give optimal growth conditions for BM-DC by Sandra Diebold.
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2.3 Flow cytometry

Cell surface staining

Unless otherwise indicated, cells were stained live, on ice in polystyrene test- 

tubes, in PBS containing 5mM EDTA, 1% PCS and 0.02% sodium azide (FACSwash) plus 

appropriate antibodies. Cells were washed by addition of 1ml FACSwash and 

centrifugation at 500g for 5 mins. To allow detection of multiple antigens simultaneously 
without cross-reactivity, a large number of directly fluorochrome-conjugated antibodies 

were used (clones used listed in table 2.1). A combination of four flurochromes was 
routinely used: FITC, phycoerytherine (PE), either tri colour (PE-Cy5 tandem) 

orcychrome (PE-APC tandem), allophycocyanine (APC) and cyanine-5 (Cy5). Generally, 

one of the following staining protocols was used:
One-step protocol:

Cells were stained with lOOpl FACSwash plus directly fluorochrome-conjugated 

mAbs for 25 minutes on ice. Cells were then washed and resuspended in PBS plus 5mM 
EDTA and analysed on a FACScalibur cytometer.

Two-step protocol:

Cells were stained with lOOpl FACSwash containing directly biotin-conjugated 

mAb for 25 minutes on ice. Cells were then washed and resuspended in lOOpl 
FACSwash containing a fluorochrome-conjugated streptavidin to detect the test antigen, 
plus directly directly fluorochrome-conjugated mAbs to detect other antigens. After 25 

minutes on ice, cells were washed and resuspended in PBS plus 5mM EDTA for analysis.

Three-step protocol:

Cells were incubated with lOOpl FACSwash containing an unconjugated primary 

mAb for 25 minutes on ice. Cells were washed and stained with lOOpl FACSwash 

containing a biotinylated secondary antibody, for example biotin-conjugated mouse- 

anti-rat, for a further 25 minutes. Finally, cells were stained with fluorochrome- 

conjugated streptavidin and directly conjugated mAbs to other antigens, plus an excess 

of immunoglobulin to prevent binding of these other mAbs to the secondary antibody. 

Cells were then washed and resuspended in PBS plus 5mM EDTA for analysis.

Zymosan binding assay

To measure zymosan association with DC, fluorescent zymosan was used. 
CDllc-enriched splenocytes were cultured with fluorescent zymosan (or control 

fluorescent beads; Polysciences, Warrington, PA USA) for between 20' to overnight, and 

then analysed by flow cytometry. Cells were either stained before or after culture for DC 
markers. In some experiments, surface zymosan was stained by incubation with a rabbit 

polyclonal anti-zymosan (Molecular Probes, Oregon USA), then washed and stained
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with FITC-anti-rabbit (Jackson ImmunoResearch, Stratech Scientific Ltd., Luton UK), 

before analysis.

Table 2.1 Monoclonal antibodies used for staining:

Antigen Clone Isotype Source’

Dectln-1 2A11 Rat lgG2b G. Brown, Oxford

CD1d 1B1 Rat lgG2b

CD4 RM4-5 Rat lgG2a Pharmingen or Caltag, (Burlingame, CA)

CDS 53-7.3 Rat lgG2a

CD8a 53-6.7 Rat lgG2a Pharmingen or Caltag

CD11C HL3 Hamster lgG1

FctRIII/II 2.4G2 Rat lgG2b

CD22 Cy34.1 Mouse lgG1

CD24a M1/69 Rat lgG2b

CD40 3/23 Rat lgG2a

B220 RA3-6B2 Rat lgG2a

CD72 K10.6 Mouse lgG2b

CD80 16-10A1 Hamster lgG2

CD81 Eat2 Hamster lgG1

CD86 GL1 Rat lgG2a

CD103 (Integrin aE) 

CD205 (DEC-205 NLDC-145 Rat lgG2

Peter Kilshaw, Babraham Institute, Cambs 

Cancer Research UK monoclonal antibody

Ly6C AL-21 Rat IgM

service

^All antibodies were from Pharmingen (San Diego, CA) unless othenwise stated.

Intracellular IL-12 staining, and the IL-10 secretion assay

Brefeldin A was added to culture medium at 5 |ig /m l for the final 30mins-12h of 

culture, in order to block secretion and force accumulation of IL-12 in cells. To allow 

staining for intracellular cytokines, cells were then fixed and permeabilised by the 

inclusion of saponin. Cells were fixed for 10 mins at room temperature in 1% 

paraformaldehyde, then resuspended in FACSwash plus 0.1% saponin (Sigma) and the 

appropriate antibody. Staining for IL-12 using anti-IL-12 p40 (clone C17.15.10; 
Pharmingen) or anti-IL-12 p70 (clone 9A5; Pharmingen), was compared with staining 

with a mixture of isotype-matched control antibodies (i.e. RtIgG2a plus RtIgG2b; 

Pharmingen). After 30mins at 4°C, cells were washed twice in FACSwash plus saponin, 

and stained with biotinylated mouse anti-rat (Jackson ImmunoResearch) in FACSwash 
plus saponin for a further 30 mins. After washing, cells were stained APC-streptavidin 

(Pharmingen) plus directly fluorochrome-conjugated anti-CDllc, anti-CD8a and anti-
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CD4, in FACSwash plus saponin, and an excess of rat IgG. After 30 mins at 4°C, cells 

were washed, suspended in PBS/EDTA and analysed on a FACScalibur.

Single cell staining for IL-10 was performed using the mouse IL-10 secretion 
assay (Miltenyi Biotec Ltd., Bisley, UK). Fixed DC were prepared by treating with 1% 

paraformaldehyde in PBS for 10 min at room temperature, followed by quenching with 

ImM glycine in PBS. A mixture of live and fixed DC, pre-stained with different colours 
of anti-CDllc, were stimulated as indicated in 24-well plates for 4h, then harvested and 

washed in PBS containing 2mM EDTA plus 1% PCS. Stimulated cells were washed and 

coated with the IL-10 capture reagent then re-plated at 2.5x10^ DC/well in 6-well plates 
with or without further stimulation. After 100 min, cells were harvested and stained with 

PE-conjugated anti-IL-10 (Miltenyi) and APC-anti-CD8a. Cells were then resuspended in 

PBS/EDTA and analysed on a FACScalibur.

2.4 Measurement of cytokine levels by ELISA

Culture supernatants were collected at 18-24h and assayed for IL-12p 40, IL-12 

p70 and IFN-y production using a sandwich ELISA, according to the manufacturers 

instructions (Pharmingen). Briefly, plates (Nunc immunosorb, Roskilde Denmark)were 
coated overnight at 4°C with capture mAb in O.IM carbonate buffer at pH 9.6. Plates 

were washed with PBS plus 0.1% Tween 20 (Sigma) then blocked with PBS plus 2.5%

ECS for 2 hours at room temperature. Supernatants were added neat or diluted in 
PBS/FCS, and left on plates overnight at 4°C. Standard dilutions of recombinant 

cytokines were also included to calibrate each ELISA. Plates were washed 6x with 
PBS/Tween, and biotinylated detection antibody added in PBS/FCS for 1 hour at RT. 

Plates were washed 6x with PBS/Tween, and alkaline-phosphatase-conjugated 

extravidin (Sigma) was added at Ipg /m l in PBS/FCS for 1 hour at RT. Finally, plates 
were developed using p-nitrophenyl phosphate substrate (Sigma), and A405 was 

measured after 0.5-24 hours at room temperature.

Antibodies and concentration used were: C15.6 at 3pg/m l capture, biotinylated 

C17.8 at Ip g /m l detection for IL-12 p40; 9A5 at 5pg/m l capture, biotinylated C17.8 at 

Ipg /m l detection for IL-12 p70; MM-450C at 2pg/m l capture, biotinylated MM-450D at 

1:300 detection for IL-4; JES5-2A5 at 5pg/m l capture, biotinylated SXC-1 at 1.5pg/ml 
detection for IL-10. All ELISA antibodies were from Pharmingen, except anti-IL-4 

antibodies from Endogen (Wobum, MA USA).
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2.5 Dendritic ceil preparation

DC enrichment from spleen

In order to isolate maximal numbers of DC, it is necessary to use enzymatic 

digestion of spleen using collagenase. DNAse was also included to degrade DNA 

released from lysed cells and thereby prevent aggregation. Spleens were injected with an 

endotoxin-free collagenase preparation called Liberase Cl (Roche, Lewes UK) plus 

DNAse (Roche). After 20-30 mins at 37°C, spleens were mashed in PBS/EDTA and 

debris removed with a 70pm cell strainer. CDllc-k DC represent 1-2% of splenocytes 

obtained in this way. DC can then be enriched by magnetic sorting. Splenocytes were 

incubated for 15 min at 4°C with C D llc microbeads (Miltenyi Biotec Ltd., Bisley, UK) in 

PBS plus 0.2mM EDTA plus 1% PCS (MACSwash). After one wash, labelled splenocytes 

were put through a 70pm cell strainer, and cells from up to 7 spleens were selected using 

a LS separation column (Miltenyi Biotech) according to the manufacturers instructions. 

Typically, 1-3x10^ CDllc-enriched cells at a purity of 70-95% CDllc*’"®̂‘ cells were 
obtained per input spleen.

DC subset sorting

To sort three CDllc' "̂®^* DC subsets, CDllc-enriched splenocyte preparations 

were stained with PE-anti-CDllc, FITC-anti-CD4, and TriColor^'^-anti-CDSa and sorted 

on a MoFlow cytometer (Cytomation, Fort Collins, CO). To simultaneously sort 
CDllc*’"̂ *’* subsets plus plasmacytoid DC, a modified magnetic selection procedure was 
used (193 and S. Diebold and C. Reis e Sousa, unpublished observations). Liberase 

digested splenocytes were incubated with a mixture of FITC- and biotin- conjugated 

mAb to Ly6C, followed by a mixture of streptavidin-coated and anti-CDl 1 c-coated 
MACS^"^ magnetic beads (Miltenyi). Positive magnetic selection using the MACS system 

(Miltenyi) resulted in a population highly enriched for conventional DC as well as PDC. 

DC-enriched preparations were then stained with PE-anti-CDllc, TriColor-anti-B220 

and APC-anti-CD8a and APC/Cy7-anti-CD4 and were sorted in a MoFlo cytometer 

(Cytomation, Fort Collins, CO) using 5-colour gating: conventional DC were defined as 

CDllc^'^\ Ly6C'°, B220“and were separated based on differential expression of CD8a 

and CD4, as described; PDC were defined as CDllc'^™, Ly6C^‘, B220"̂  cells. Sorted cells 
were >95% pure upon re-analysis. In some experiments, CDllc^' DC were sub-divided 

only on the basis of CD8a expression into CD8a^ and CD8a“ subsets by omitting the 

anti-CD4 antibody.
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Bone marrow-derived DC

Briefly, on day 0 bone marrow cells were isolated from femurs and tibia, and 

adherent cells removed by 30 mins culture on tissue culture plastic. Non-adherent BM 
cells were then plated into two 10cm dishes per mouse and cultured in 8ml complete 

medium supplemented with GM-CSF. On day 2 ,4ml medium was replaced with 4ml 
GM-CSF-supplemented medium. On day 3 non-adherent cells were removed by one 

gentle wash in pre-warmed medium, and 8ml fresh GM-CSF-supplemented medium 

was added. Immature DC were harvested in PBS plus 5mM EDTA on day 4, and plated 
with stimuli in 96-well plates.

2.6 Reverse-transcriptase PCR

Total RNA from sorted DC subsets was isolated using the RNeasy minikit from 
Qiagen (Crawley, UK). Total cDNA was synthesised with the Superscript II pre
amplification system (GIBCO BRL). PCR primer pairs for TLR RT-PCR are described in 

table 1.2. Semi-quantitative PCR was carried out using standard amplification 
conditions. Samples were removed and analysed by standard agarose gel electrophoresis 
after 20,30 or 35 amplification cycles. The data shown for each primer pair correspond to 
the cycle number at which the amplicons could be detected but were not yet at 
saturation. The specificity of the primers for the intended target was confirmed by 

restriction digest analysis of the PCR product (data not shown).
Quantitative PCR was carried out on a ABI PRISM 7700 detection system (PE 

Applied Biosystems, Warrington, UK) using SYBR Green or Taqman PCR mix (PE 

Applied Biosystems). Primer sets for SYBR Green PCR (table 2.3) were optimised as 
recommended by the manufacturer (PE Applied Biosystems). In each sample, message 

levels were calculated by comparison with a standard curve generated using serial 

dilutions of a reference cDNA sample. These levels were then expressed relative to levels 
of GAPDH, using a pre-developed primer-probe set for Taqman PCR, as recommended 

by the manufacturer (PE Applied Biosystems). Quantitative PCR for IL-10 mRNA was 
carried out using a pre-developed primer-probe set for Taqman PCR (PE Applied 

Biosystems).
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Table 2.2 Semi-quantitative PCR primers

Primer sequence Size/bp

beta-
actin

GTTTGAGACCTTCAACACCCC

GTGGCCATCTCCTGCTCGAAGTC
320

TLR1 GGATGTGTCCGTCAGCACTA

TGTAACTTTGGGGGAAGCTG
340

TLR2 CAGACGTAGTGAGCGAGCTG

GGCATCGGATGAAAAGTGTT
390

TLR3 GAGGGCTGGAGGATCTCTTT

TGCCTCAATAGCTTGCTGAA
353

TLR4 GCTTTCACCTCTGCCTTCAC

CGAGGCTTTTCCATCCAATA
361

TLR5 GCTTTGTTTTCTTCGCTTCG

ACACCAGCTTCTGGATGGTC
342

TLR6 GCAACATGAGCCAAGACAGA

GTTTTGCAACCGATTGTGTG
349

TLR7 ATTCAGAGGCTCCTGGATGA

AGGGATGTCCTAGGTGGTGA
264

TLR8 TCCTGGGGATCAAAAATCAA

AAGGTGGTAGCGCAGTTCAT
302

TLR9 ACCCTGGTGTGGAACATCAT

GTTGGACAGGTGGACGAAGT
341

Table 2.3Quantitative PCR primers

Primer Sequence Size/bp Forward /nM Reverse /nM

TLR3 GGTCCCCAGCCTTCAAAGAC

ACGAAGAGGGCGGAAAGGT
90 50 300

TLR5 CCACCGAAGACTGCGATGA

GTGACCGTGCACAGGATGAA
72 400 400

TLR7 CCACAGGCTCACCCATACTTC

GGGATGTCCTAGGTGGTGACA
130 500 500

TLR9 TGGGCCCATTGTGATGAAC

TTGGTCTGCACCTCCAACAGT
110 300 300

2.7 Gene chip analysis of mRNA levels

RNAand cRNA preparation and hybridisation

Sorted DC subsets were directly lysed and stored at -80°C until mRNA isolation. 

Frozen cell lysates were shipped on dry ice to Damien Chaussabel (NIAID, MD) for RNA 

isolation, labelling and hybridisation (see 194). Total RNA was prepared using the 
RNeasy mini kit (Qiagen, Valencia, CA) and used to generate cRNA probes. Preparation 

of cRNA, hybridisation, and scanning of the microarrays were performed according to 

the manufacturer's protocol (Affymetrix, Santa Clara, CA). 12-15 pg of RNA was
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converted into double-stranded cDNAby reverse transcription using a cDN A synthesis 
kit (Superscript Choice, Life Technologies) with an oligo (dT) 2 4  primer containing a T7 

RNA polymerase promoter site-added 3' of poly (T) (Genset, La Jolla, CA).After second- 

strand synthesis, labelled cRNA was generated from the cDNA sample by an in vitro 

transcription reaction supplemented with the Bioarray^"^ HighYield^”̂ RNA transcription 

labelling kit (Enzo, Farmingdale, NY).

The labelled cRNA was purified by using RNeasy spin columns (Qiagen, 

Valencia, CA) and denatured at 94°C prior to hybridisation. Labelled cRNA was 

hybridised to the Affymetrix U74A v.2 microarray while rotating at 60 rpm for 

approximately 16 hours at 45°C.After hybridisation, the microarray was washed using 

the Affymetrix Fluidics Station in buffer containing biotinylated anti-streptavidin 

antibody (Vector Laboratories; 10 minutes, 25°C) and stained with streptavidin 

phycoerythrin (final concentration lOpg/ml; Molecular Probes, Eugene, OR) for 10 

minutes at 25°C.Subsequently, the microarray was washed, restained with streptavidin 

phycoerythrin (10 minutes, 25°C), and washed again before measuring fluorescence at 

570 nm in an Affymetrix scanner.

Data analysis

Scanned images were processed and normalised by global scaling using the 
Affymetrix software, to obtain AvDiff values that reflect mRNA abundance. Data 
analysis was carried out using Genespring (Silicon Genetics) and Excel (Microsoft) 

software packages using the criteria described in the results section. Gene Ontology^'^ 
(http://www.geneontology.org) analysis was performed using FatiGO 
(<http:/ /  fatigo.bioinfo.cnio.es/>).

http://www.geneontology.org
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Chapter 3: kinetics of CD40L induced IL-12 p70 
production

An emerging model suggesting that CD40 triggering amplifies microbially- 
primed IL-12 production from DC raised the possibility that CD40L-induced IL-12 may 

be temporally controlled. I briefly investigated the kinetics of IL-12 production from 
STAg-activated DC in response to CD40L.

3.1 Introduction__________________________________________

The quest to identify a source of IL-12 during priming for Thl responses led to 

the discovery that DC can produce high levels of this cytokine. Previous work in the lab 

concentrated on understanding how microbial stimulation and T cell-derived signals 
such as CD40L interact and control IL-12 production by DC (96). Two important 

observations arose from this work.
Firstly, a synergistic increase in production of IL-12 was seen when microbial 

stimulation is combined with CD40L (96). This suggests that maximal cytokine 
production may occur only when needed, i.e. when a T cell upregulates CD40L 
following stimulation by an activated DC. This interpretation might therefore predict 
that cytokine secretion should cease when the activated T cell leaves this APC, to ensure 
that IL-12 is not produced when not required, and to avoid affecting bystander T cells.
To investigate this possibility, I measured the kinetics of IL-12 secretion from microbially 
activated DC, whilst adding or removing CD40L.

Secondly, no IL-12 production following CD40 triggering in vivo was seen in the 
absence of microbial stimulation (96). This suggests that cytokine production by DC in 

the context of T cell feedback is critically dependent on microbial activation. The signal 

from CD40L might represent an amplification signal, rather than simply being a trigger 
for IL-12 production as previously thought.

3.2 Interrupting CD40 signals switches off high level IL-12 
production by DC________________________________________

Although IL-12 is produced from DC activated by STAg in the absence of CD40 

(88), combination of CD40L and STAg results in a synergistic increase in IL-12 
production (96). To investigate whether this high rate of IL-12 secretion is maintained 

following withdrawal of CD40L, I used a blocking anti-CD40L antibody to interrupt 

CD40 signals at different time points.
Initially I measured accumulation of IL-12 p70. From 3 hours following culture of 

CDllc-enriched DC with STAg plus CD40L expressing fibroblasts, IL-12 p70 levels in 

supernatant accumulated extremely quickly, and continued to rise rapidly for at least
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another 6 hours (figure 3.1A). Surprisingly, within 1 hour of adding anti-CD40L this 
rapid cytokine production stopped, and IL-12 levels in culture supernatants reached a 

plateau (figure 3.1 A). Blocking CD40L at different times after adding DC to the cultures 

always resulted in rapid termination of IL-12 production. For example, following 
addition of anti-CD40L at 6 hours, IL-12 levels remain below 200ng/ml at 9h, in contrast 

to unblocked cultures where IL-12 levels exceed 400ng/ml at this time (figure 3.1 A).
In order to measure the rate of IL-12 p70 production, I took similar cultures and 

removed the supernatant at different time points, added fresh pre-warmed medium, and 

cultured for a further hour. This was removed and assayed for IL-12 p70 by ELISA; the 
concentration in this supernatant reflects the rate of IL-12 production during that hour of 

culture, and this rate was plotted at the middle of the measurement period. The rate of 

IL-12 p70 production rose to a peak of over 15ng/ml per hour, after 4h of stimulation, 
and was maintained at a high level for at least a further 5 hours (figure 3.1B). As seen 
when measuring IL-12 accumulation (figure 3.1A), blocking CD40L resulted in a fast 

drop in the rate of IL-12 production. After blocking CD40L at 3 hours, the rate of IL-12 
p70 production at 5 hours fell from 24ng/ml per hour down to less than 2ng/m l per 

hour, (figure 3.1B).
I asked whether this drop in IL-12 production was reversible, by taking cells 2 

hours after blocking CD40L, washing away residual anti-CD40L and re-stimulating them 
with fresh CD40L-expressing fibroblasts. On re-stimulation through CD40, the rate of IL- 
12 p70 production from these cells rose again to 5ng/m l per hour (figure 3.1B). This 

rapid cycling of IL-12 p70 production suggests that continual CD40 triggering must be 

maintained to sustain maximal cytokine production from DC.

3.3 Discussion__________________________________________

The most striking observation from my study of the kinetics of IL-12 production 
is that IL-12 production not only drops rapidly following interruption of the CD40 

signal, but it rises again rapidly upon re-stimulation with fresh CD40L fibroblasts (figure 

3.1). Rapid cycling of IFN-y production by CTL was demonstrated, indicating that 

delivery of effector cytokines by T cells can be tightly controlled (195). It would be very 

interesting if DC also have such a tight temporal control of cytokine production. 
However, there are a number of limitations with this in vitro measurement of cytokine 

production.
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Figure 3.1: Continuous CD40 triggering is required for maximal IL-12 p7 0 
production from STAg-stimulated DC
A) CD11c-enriched cells were cultured with STAg (5pg/ml) plus CD40L 
fibroblasts. After the indicated time, supernatants were removed and 
assayed for IL-12 p70 by ELISA. At different times, a blocking anti-CD40L 
mAb was added; addition of an isotype control had no effect (not shown).
B) Similar cultures of DC were cultured, supernatant was removed each hour 
and replaced with pre-warmed culture medium. The IL-12 level in this 
supernatant was plotted as a rate of IL-12 p70 production, at the mid-point 
of each time interval of collection. In some wells, anti-CD40L was added at 
3h. After a further 2h, some of these cultures were washed to remove 
residual anti-GD40L, and fresh CD40L fibroblasts were added.
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Firstly, the replacement of culture medium, necessary to measure IL-12 p70 

production rates, reduced the amount of IL-12 produced compared to cultures without 

medium replacement (data not shown). This could reflect removal of autocrine soluble 

factors that promote IL-12 production, or the medium replacement may simply disturb 
the cells and interrupt DC-fibroblast contacts. Thus these IL-12 p70 production rates may 

be underestimated. It is worth noting that removal of STAg from these cultures after the 

initial few hours of culture did not reduce IL-12 p70 production (data not shown), 

suggesting that microbial conditioning can be rapid and irreversible.

Secondly, because a mixture of cells was used and only total secreted IL-12 was 
measured, it is possible that sub-populations of these cells are optimally activated at 

different times. It is conceivable therefore that the 'cycling' of cytokine production seen 

simply reflects sequential triggering of different populations of cells. Intracellular 

staining could be used to determine how many cells are producing IL-12 at different 

time points; however since DC only stain weakly for IL-12 p70 even with maximal 

stimulation (see figure 5.4B), accurate measurement becomes difficult and this staining 
might not reflect the total number of cells producing IL-12 p70.

Thirdly, although amplification of IL-12 p70 production by feedback from real T 
cells has been demonstrated, blocking CD40L only reduces this feedback amplification 
by about half (96, Sporri and Reis e Sousa, personal communication). Since T cell 
feedback acts through molecules other than CD40L, it is possible that these have 
different effects on DC cytokine production. It would be informative to measure the rate 

of IL-12 production in DC plus T cell co-cultures in more detail.

Finally, it would be interesting to know if all the effects of activation by CD40L 
are temporally controlled in the same way as IL-12 p70 production. For example, 

expression of ICAM-1, CD80 and CD86 can be upregulated on DC following CD40 

triggering (155). It seems unlikely that CD40-induced signal 1 or 2 upregulation could be 

reversed when CD40L is removed. It would also be useful to dissect the mechanism by 

which IL-12 production is temporally controlled. mRNA levels of the IL-12 p35 and p40 

subunits could be measured in DC stimulated for different times, to see if these subunits 

are differentially regulated by microbial and CD40 signals as they are following in vivo 

stimulation with STAg and anti-CD40 (96).

In spite of these drawbacks, I believe that my data hint that IL-12 production may 

be rapidly modulated by CD40 signals.
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Chapter 4: DC make IL-10 or IL-12, depending on 
microbial stimuli

As discussed in chapter 3, microbial stimulation is critical for IL-12 production 
from DC. If DC prime all CD4 T cells, and always made IL-12 on activation, then all CD4 

T cell responses would be skewed towards Thl. I investigated the effects of stimulation 

with a wide variety of microbial stimuli on the production of different cytokines from 

DC.

4,1 Introduction: Not all DC make IL-12______________________

I will discuss evidence that DC can prime responses other than Thl, suggesting 

that DC may produce factors other than IL-12. A number of endogenous factors have 
been shown to modulate production of IL-12 and can also induce production of other 

cytokines by DC. As well as agents produced by host cells, it is possible that microbial 

stimulation might directly induce production of other cytokines.
CD40 expression is required for an ever-expanding list of immune processes, 

from B cells class switching to generation of T-dependent CTL (196). For this reason, the 
demonstration that a protective Th2 response to S. mansonii was lacking in CD40L 

knockout mice did not alone demonstrate that CD40 on DC was required for Th2 

immunity (197). However CD40 expression was required on BM-derived DC treated 
with a S. mansonii extract, to allow Th2 priming following transfer (198). Together, these 

data show that some protective Th2 responses require CD40 expression on DC.
Study of in vitro generated DC has identified many agents that influence IL-12 

production. For example, generation of human monocyte-derived DC in the presence of 

glucocorticoids or prostaglandin E2 (PGE2) suppressed IL-12 production and conferred 

the ability to prime Th2 responses (106,199). Similarly, IL-12 production from DC 
triggered via CD40 was suppressed by either IL-10 or IL-4 (200). In contrast, the presence 

of IFN-y during maturation of human monocyte-derived DC allowed IL-12 production 

and Thl priming (201). Perhaps counter-intuitively, production of bioactive IL-12 p70 

heterodimer from human and murine DC could also be promoted by the Th2 cytokine 

IL-4 (110,202).
Although such studies illustrate how not all activated DC have equal IL-12 

producing abilities, it is not yet understood how these endogenous modulators of DC 
cytokine production could affect T helper priming in vivo. Prostaglandins and IL-10 

could be produced by other cells in response to microbial challenges, and indirectly 

influence DC Th polarising potential. For example S. mansonii was shown to induce 

production of IL-10 in vivo (203). In addition, some effects of IL-4, IL-10 and IFN-y on DC
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IL-12 production may represent feedback mechanisms whereby existing T helper cells 
could influence differentiation of new CD4+ T cells.

As well as modulating IL-12 levels, some of these agents influence the production 

of other cytokines from DC. For example, DC generated in the presence of the 
glucocorticoid dexamethasone or PGE2 produced large amounts of IL-10 and no IL-12 

(106,204). Although these studies illustrate that IL-12 is not the only cytokine that DC 

make, there is still no obvious explanation for how DC cytokine production (or the class 
of immune response primed) is linked to the pathogen type encountered.

At the time 1 started this study, two papers suggested there is a more direct link 

between microbial activation and cytokine production by DC. Differences between DC 

activated by two strains of C. albicans were identified; non-pathogenic yeasts induced DC 
to drive a protective Thl response, whereas hyphae-stimulated DC did not (130). This 

effect correlated with differences in cytokine production by DC; yeasts induced IL-12 
production whereas hyphae induced lL-4 production. Similarly, a glycoprotein secreted 
by filarial nematodes was shown to induce murine BM-DC to drive Th2 differentiation 
in vitro. In contrast, LPS-stimulated BM-DC primed Thl responses (205). These papers 

suggested a very simple model whereby DC recognise differences between microbes, 
and produce cytokines to polarise appropriate Th responses that match the microbe 

encountered.

In order to investigate the connection between direct microbial activation and 

cytokine production in more detail, 1 conducted a screen to identify agents that activate 
DC, derived from a wide variety of sources. CD40 on DC has been directly implicated 

for the generation of responses other than IL-12 driven Thl differentiation. Conversely, 

as mentioned in the previous chapter, microbial activation of DC is required before 
CD40L can induce IL-12 production. We wondered therefore if CD40 triggering might 

amplify the production of cytokines other than IL-12 from DC activated by different 

microbial stimuli. 1 therefore tested the ability of the DC activating agents identified in 
my screen to induce secretion of different cytokines when combined with CD40L. In this 

way, 1 identified some microbial extracts that induced production of IL-10 and not IL-12 

when combined with CD40 triggering.

4,2 Production of IL-10 or IL-12 by DC______________________

To investigate if cytokines other than IL-12 could be produced by DC when 

stimulated by different microbes, 1 conducted a screen to identify diverse agents that 

activate DC 1 will briefly summarise the results of my screen for DC activating agents. 
However, rather than presenting details of the screen data, 1 will concentrate on
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describing the further characterisation of these microbial stimuli on DC cytokine 

production.

4.2.1 A simple screen identified a wide range of microbial and non- 
microbial products that activate DC

I obtained about 20 inactivated agents or extracts, derived from organisms 

ranging from a plant extract to an inactivated virus. I screened for DC activation by 
measuring increases in surface marker upregulation, specifically CD40, CD80 and CD86.

I excluded agents containing LPS by testing for activation of DC lacking TLR4. Finally, I 

measured levels of various cytokines in supernatant of DC cultures, in order to try to 
identify production of cytokines other than IL-12.

The results of each screening experiment were studied, and any effect of each 
agent on DC was scored, relative to DC cultured in medium alone or with the positive 

control stimulus STAg. The screening process was intended to identify candidate stimuli 

for further study, and negative results were disregarded. Rather than describing data 

from this screening process in detail, I will summarise the process used to generate the 
screen data. A summary of data generated in the screen is shown in figure 4.1. The rest 

of this chapter (plus chapters 5 and 6) will then consist of a detailed study of some agents 
identified by this screen.

To measure DC activation, I cultured cells overnight with various doses of test 
agents, and measured CD40, CD80 or CD86 expression on CDllc-n DC by FACS. 

Isolating these cells and culturing in vitro leads to ^spontaneous maturation' of DC, and 
CD40, CD80 and CD86 levels increase. However, activation by microbial products can be 
detected, as surface marker levels can be upregulated faster or to higher levels (96). 

Levels of these markers on DC cultured with test agents were compared with levels on 

DC cultured with STAg or medium alone, and scored for activation. Five extracts 
showed no consistent upregulation over that seen with medium alone and were 

excluded on this basis. All the other extracts tested induced some increase in all markers 

(figure 4.1 A).
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Figure 4.1 : Summary of results of screen for microbial activators of DC
Whole splenocytes or CD11c enriched cells were cultured either overnight or for 48 
hours with one or more concentrations of the indicated agents, ±CD40L.
A) Cells were stained for CD11c and the indicated activation markers, and 
upregulation of these markers was compared with levels seen on DC cultured in 
medium alone (-) or with STAg (+++). CD40 and CD86 upregulation was also 
measured with cells taken from C3H HeN (control) or HeJ mice (unresponsive to 
endotoxin), to test for LPS-mediated effects. B) Supernatants were tested for the 
indicated cytokines by ELISA. Cytokine production was compared with levels seen 
from cells cultured with medium alone or STAg.
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An important part of this screen was to control for activation of DC by LPS, a 

well-characterised microbial PAMP, but also a common lab contaminant. As well as 

measuring LPS levels in these agents, I tested for LPS-mediated activation by comparing 

CD40 and CD8 6  upregulation on DC derived from TLR4-sufficient C3H-HeN mice with 
cells from C3H-HeJ mice. I then excluded agents that preferentially activated DC from 

C3H-HeN mice. Several agents potently activated C3H-HeN DC but had no effect on 

C3H-HeJ mice (figure 4.1 A), suggesting LPS contamination. In some cases this was not 

surprising considering the origin of the extracts. For example, C. elegans are grown on a 

lawn of E. Coli as a food source, and are therefore difficult to separate from bacterial 
contaminants. An extract of L. major induced some activation of C3H-HeJ DC, but less 

than the activation seen with C3H-HeN DC, suggesting the presence of LPS plus a TLR4- 

independent activity (figure 4.1 A). Finally, with another 4 agents the activation seen in 
initial screen experiments could not be reproduced with C3H DC (figure 4.1A). These 

agents were excluded as well. This process left seven agents that induced reproducible 

activation of DC from C3H-HeJ mice, and were considered for further study (figure 

4.1A).
As well as screening for surface marker upregulation, I looked for production of 

different cytokines from DC activated by these agents. Splenocytes or CDllc-enriched 
cells were cultured overnight or for two days, with screen agents plus CD40L-expressing 

or control fibroblasts. Supernatants were then assayed for IL-12 p40, IL-4 and IL-10.
Levels measured were scored by comparison with levels found with medium alone or 
STAg. Like STAg, a number of agents induced production of high levels of IL-12 p40 

(figure 4.IB). No IL-4 was detected in any culture supernatant (figure 4.1B), even 
following stimulation with heat killed C. albicans hyphae (130). Surprisingly, high levels 

of IL-10 were detected in supernatants of DC cultured with heat-killed C. albicans plus 

CD40L (figure 4.1B). This hinted that production of IL-10 from DC was worth 
investigating in more detail.

4.2.2 Confirmation of TLR4~independent DC activation by diverse agents

This screen identified some agents derived from diverse pathogens, and even a 
plant extract, worthy of further study. From these, I decided to study inactivated 

adenovirus, the S. cerevisiae-derived particle zymosan and tuberculin PPD (a partially 
purified extract of Mycobacteria tuberculosis ; 190) in more detail. Instead of studying the 

pathogen C. albicans, I decided to use the non-pathogenic yeast S. pombe, which was more 

readily available. In addition to these agents, I included a synthetic oligonucleotide 

analogue of bacterial CpG-containing DNA shown to induce IL-12 production from DC 

(125,126).
To illustrate the levels of DC activation seen with some of these agents, staining 

for CD40, CD80 and CD8 6  is shown in figure 4.2A. DC cultured overnight with M. tb
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extract (tuberculin PPD), zymosan particles, heat killed yeast, or CpG DNA showed 
greater staining for activation markers than DC cultured in medium alone.

To confirm that activation by these agents was TLR4-independent I repeated this 

assay with C3H mice. In order to compare activation of C3H-HeJ DC with C3H-HeN 

DC, the median fluorescence for CD40 or CD8 6  on DC stimulated with each agent was 

normalised to levels seen on DC cultured with medium alone. Although the fold- 

increase in staining varied between stimuli and experiments, increased activation was 
seen on C3H-HeJ DC as well as on C3H-HeN DC for all agents (figure 4.2B). In each 

experiment using C3H mice, LPS induced activation was only seen with C3H-HeN DC, 

confirming these DC were functionally deficient for TLR4 (figure 4.2B).

4.2.3 Cytokine production by DC foiiowing CD40 triggering combined with 

microbiai activation

I wished to explore further whether these agents induce DC to produce different 

cytokines. IL-10 production had been detected in a number of screening experiments 
(figure 4.IB and data not shown). Although IL-12 p40 had been induced by a number of 
agents (figure 4.IB), production of bioactive IL-12 p70 is more tightly regulated than 
production of the IL-12 p40 subunit (144). Therefore I measured production of IL-10 and 
IL-12 p70 by DC. Stimulation with these agents was also combined with triggering 
through CD40 by co-culturing DC with CD40L-expressing fibroblasts.

As expected (96), STAg- and CpG-stimulated DC produced low but significant 

amounts of IL-12 p70 in the absence of CD40 triggering (figure 4.3A, upper). CD40 

triggering alone also increased IL-12 levels somewhat. However, levels of IL-12 p70 
produced following STAg or CpG stimulation were synergistically amplified by CD40 

triggering (figure 4.3A, lower). PPD also induced low but reproducible and significant 

levels of IL-12 p70, when combined with CD40L (figure 4.3A and B). This suggested that 
PPD may activate DC in a manner similar to STAg and CpG, but induces production of 

lower levels of IL-12.
Although no stimuli induced IL-10 production from DC on control fibroblasts, 

CD40 triggering alone led to production of significant levels of IL-10 (figure 4.3A, lower 

panel). Strikingly, combination of zymosan or S. pombe with CD40L fibroblasts induced 
high levels of IL-10 production, but no increase in IL-12 p70 production (figure 4.3A).

This confirmed the preliminary indication from screening experiments that IL-10 might 

be produced from some DC. Crucially, this data suggests that IL-10 production as well 

as IL-12 production can be amplified by CD40 triggering, from DC that are stimulated by 

an appropriate microbial stimulus.
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Figure 4.2: TLR4-independent activation of DC
CDllc-enriched splenocytes were cultured overnight with the indicated agents, 
then stained for C D llc , CD40, CD80 or CD86 and analysed by flow cytometry.
A: Histograms show gated CD11d^ '̂9' ‘̂ cells. Higher CD40, CD80 and CD86 staining 
was seen on DC cultured with stimuli (solid lines) vs. medium alone (dotted line). 
Doses: CpG DNA, 1.5pg/ml, STAg, 5pg/ml, S. pombe, 2x10^ particles / well, 
zymosan, 50pg/ml; PPD, lOpg/ml. B: Activation of DC isolated from C3H-HeN and 
-HeJ mice was compared to exclude DC activation via TLR4. MPI of CD40 or CD86 
of DC cultured with the indicated stimuli are expressed as fold increase over DC 
cultured with medium alone.
Data shown are from multiple experiments. Similar results were seen in more than 4 
experiments with each stimulus in various mouse strains, and similar CD40 and 
CD86 upregulation was seen with HeN and HeJ DC at least twice.
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Figure 4.3: DC make either IL-10 or IL-12 when CD40L is combined with 
microbial stimuli. CDllc-enriched cells were cultured overnight on a monolayer 
of CD40L-expressing or control fibroblasts together with DCactivatingagents. 
Cytokine levels in supernatants were determined by ELISA. A ) Doses: STAg,
Spg/ml; CpG DNA, Ipg/ml; PPD, lOpg/ml; zymosan, lOpg/ml; S. pombe, 10  ̂
particles/well. B) Serial 4-fold dilutions of the indicated agents were used with top 
doses of Adenovirus, 2.5x10®/well; Gliadin, 50mg/ml; PPD, lOmg/ml; Zymosan, 
25pg/m l. Data shown representative of 4-5 experiments (A) and 2 dose-responses.
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Several agents that clearly induced activation measured by rapid upregulation of 
surface markers (figure 4.2), did not induce IL-12 p70 or IL-10, even when combined 

with CD40L, To ensure this was simply due to the dose of agent used, DC were 

stimulated with a range of doses. Stimulation of DC with any dose of adenovirus or 
Gliadin had no effect on IL-10 or IL-12 production (figure 4.3B). In addition, PPD 

increased IL-12 not IL-10 levels, and zymosan increased IL-10 and not IL-12 levels, at all 

doses (figure 4.3B). As a negative control, no IL-10 or IL-12 production was ever detected 

from fibroblasts cultured with any agents (data not shown).

4.3 Discussion___________________________________________

The demonstration that cytokines other than IL-12 can be induced by CD40 

triggering has implications for the model of cytokine amplification by T cell feedback 
discussed in chapter 3 .1 will also discuss the potent effects of microbial stimulation on 

cytokine production. I will then consider the significance of IL-10 production for T 

helper cell differentiation and anti-fungal immunity.

4.3.1 CD40L can amplify production of different cytokines from DC

I demonstrated that IL-10 production was also amplified by CD40L from DC 
stimulated with heat-killed yeast or zymosan particles, with no increase in IL-12 p70 
(figure 4.3). In experiments carried out by Shivanthi Manickasingham and Roman 
Sporri, IL-10 production was also seen following co-culture of zymosan-activated DC 

with T cells plus antigen (206). This indicates that CD40L-fibroblast stimulation is 
representative of T cell feedback.

Although CD40L was originally shown to trigger IL-12 production (155,200), IL- 
10 production from DC following CD40 triggering has also been reported. For example, 

human monocyte-derived-DC generated in the presence of DEX produced IL-10 when 

activated with soluble CD40L (204).
CD40L amplified IL-12 production from DC stimulated with tuberculin PPD or 

CpG as well as DC activated with STAg confirming the synergistic effect of CD40L and 

microbial stimulation on IL-12 production (figure 4.3). Others have found that both 

CD40L and microbial stimulation are required for high level IL-12 production. For 

example, IL-12 production from DC infected with L. major is dependent on CD40/CD40L 

interactions (207). Similarly, CD40L triggering synergised with LPS or adenovirus to 
give maximal amounts of IL-12 p70 from human monocyte-derived DC (208,209), and 

CD40 ligation synergised with CpG stimulation for high-level production of IL-12 from 

human plasmacytoid DC (210).

Activation of DC by tuberculin PPD induces production of IL-12 p70 from DC 
when combined with CD40L, similar to the synergistic effects of STAg or CpG plus
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CD40L. Crucially, the observation that IL-10, not IL-12, is produced from yeast 
stimulated DC supports the suggestion that CD40 signals for amplification of cytokine 

production, and that the type of cytokine produced is dictated by the microbe 

encountered.
In conclusion, the observation that IL-10 and IL-12 can be produced following 

CD40 triggering confirms the suggestion that CD40 signals for amplification of cytokine 
production, rather than simply inducing IL-12 production.

4.3.2 The effects of microbial stimulation on cytokine production by DC

As mentioned, agents such as prostaglandins and cytokines such as IFN-y 

influence IL-12 production from DC. The differences in cytokine production seen in my 

experiments, however, reflect addition of different microbial agents to DC cultures. This 

suggests that the type of microbial stimulation might directly determine cytokine 
production following T cell feedback. Similar associations between the microbe 

encountered by DC and subsequent cytokine production by DC have been 

demonstrated.

Differential cytokine production was seen from human monocyte-derived DC 
cultured with different microbe-derived stimuli plus CD40 triggering. For example, IL- 

12 is produced following pertussis toxin stimulation, whereas DC treated with cholera 

toxin or polylrC produced IL- 6  and not IL-12 (211). However, toxins such as cholera and 
pertussis toxin are generated by pathogens in order to influence host immunity.
Although the effect of such factors on DC is intriguing, these observations may not tell 

us how cytokine production is affected by recognition of conserved features of infectious 

organisms by DC.
Another early demonstration that DC can respond differently to distinct 

microbes was based on the response of DC to different strains of C. albicans. IL-4 

production was seen followed stimulation with a virulent strain in the form of hyphae, 

in contrast to IL-12 production following stimulation with attenuated yeast forms (130).
In contrast, a more recent paper from the same group suggested that IL-10 and not IL-4 

is produced from PP-DC stimulated with C. albicans hyphae (212). In my early screening 

experiments, heat-killed C. albicans induced IL-10 production, and no IL-4 was ever 
detected in any DC culture supernatant (figure 4.1). It is therefore likely that live C. 

albicans has distinct (and strain dependent) effects on DC that are not seen following heat 

inactivation. Again, this may reflect the presence of virulence factors that interfere with 

normal DC function.

Heat killed S. cerevisiae was shown to induce IL-12 p70 from BM-DC (131). Since 
IL-10 production was not measured, and CD40 triggering was not used, it is difficult to 

compare these results with my data. In another study, zymosan induced both IL-12 p70
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and IL-10 from BM-DC (213). In some of my experiments splenic DC also made more IL- 
12 p70 following zymosan stimulation (e.g. CD8 -1- DC, figure 5.1). This could reflects the 

presence of more than one DC-activating agent within zymosan, one that induces IL-10 

and another that induces IL-12; this possibility will be discussed in more detail in 
chapter 6 . However, in my experiments IL-10 induction was always more prominent, 

and there is clearly a qualitative difference in production of IL-10 and IL-12 between DC 

stimulated with yeast products and other agents such as PPD, STAg or CpG.
Several stimuli did not induce IL-12 p70 or IL-10 production. Activation of 

human dendritic cells by adenovirus led to IL-12 production and Thl polarisation (209). 
It is possible that this reflects live infection with adenovirus (rather than the inactivated 

adenovirus I used), or a difference between human and mouse DC. The observation that 

DC are activated by gliadin would also be intriguing to study further. As a first step, it 
would be crucial to identify the agent within the gliadin preparation that is acting on 

DC, in order to confirm that this activity is truly plant-derived and not due to microbial 

contamination. It would be interesting to see if any of these agents induce production of 
other cytokines. For example, Sandra Diebold showed that dsRNA or viral infection can 

induce type-I interferon production from DC, which can also be amplified by CD40 
ligation (193, Dieobold and Reis e Sousa personal communication).

Finally, it is important to remember that microbial recognition might induce 
different activation states that could not be identified by the present screen. The 
demonstration that BM-DC pulsed with an extract of S. mansonii eggs induce Th2 
immunity was linked to an alternative activation state of these DC, which did not make 

cytokines or upregulate costimulatory molecules (214). Indeed, I found no evidence of 
activation of splenic DC by a similar extract (figure 4.1 A). Thus the present screen was 

certainly not an exhaustive study of possible effects of microbial stimulation on DC.

In conclusion, the contribution of microbial signals to cytokine production from 

DC is becoming increasingly clear.

4.3.3 Significance of IL-10 production by DC

The fact that IL-10 production induced by heat-killed yeasts is potently amplified 

by CD40L or T cell feedback (figure 4.3,206) suggests that this cytokine is produced to 
influence T helper cell differentiation. However, the effects of IL-10 on T cell 

differentiation are more complex and controversial than the potent effect of IL-12 on Thl 

cell development (144,215). I will discuss the fact that some of the published effects of 

IL-10 on T helper cell differentiation may be due to the effects of IL-10 on DC 

themselves. I will then describe some reported effects of IL-10-producing DC on Th 

differentiation in vitro. Finally, I will ask if there is a requirement for IL-10 in immunity 

to fungal infection in vivo.
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Although many cytokines produced by DC, such as TNF, IL-1, and IFN-I, can 

potently activate DC, IL-10 is actually an inhibitor of DC activation. IL-10 can inhibit 

induction of Thl cells, probably by reducing IL-12 production (200,216). IL-10 may also 
inhibit overall T cell stimulatory capacity of DC, or even induce tolerogenic or regulatory 

DC (217-219). It is interesting therefore to see that full activation (measured by 

CD80/CD86/CD40 upregulation) of zymosan stimulated DC is seen in spite of the high 
levels of IL-10 produced (figure 4.2). It is possible that yeast-activated DC become 

refractive to the effects of IL-10, or the kinetics of IL-10 production are such that the DC 
are activated before IL-10 accumulates. It is clear, however, that IL-10 produced in all 

these in vitro cultures negatively regulates IL-12 production (200), since neutralising anti- 

IL-10 antibodies increased IL-12 levels (see chapter 5, figure 5.2). Autocrine inhibition of 
IL-12 production via IL-10 may therefore be a general feature of DC activation (220). 

However, even when IL-10 is neutralised DC stimulated with zymosan did not make 

more IL-12 p70 than DC cultured in medium alone (figure 5.2).

In conclusion, yeast-activated DC appear partially resistant to the inhibitory 

effects of the IL-10 they produce; this may mean that some published effects of IL-10 on 
Th differentiation may not occur with yeast-activated DC.

Effects of DC-derived IL-10 on T-heiper cell differentiation

Peyer's patch-derived DC, which produce IL-10 following CD40 triggering, 
induce less IFN-yand some IL-4 production from T cells in an in vitro differentiation 

assay, corresponding to a decreased Thl and weak Th2 response induced by these cells. 

Addition of a blocking anti-IL-10 mAb to these cultures increased IFN-y production, 

although IL-4 levels were only marginally decreased, suggesting a direct effect of IL-10 

in Thl suppression (221). Similar results were obtained in our lab, from analysis of the 
effects of microbial stimulated DC on in vitro T cell differentiation. Addition of zymosan 

to DC-T cell co-cultures reduced the frequency of IFN-y-f T cells, and increased the 

number of IL-4-H T cells. Inhibition of IL-10 in these cultures abrogated this suppression 

of Thl polarisation, demonstrating again the involvement of IL-10 in this process (222).

A similar study using BM-DC suggested that zymosan-stimulated DC induced more Th2 

cells and had no effect on IFN-y, although the role of IL-10 or IL-12 in this was not 

determined (213).
Filamentous haemagglutinin (FHA) derived from B. pertussis was shown to 

induce IL-10 and no IL-12 production from mouse BM-DC (223). BM-DC treated with 

FHA induced T cells that produced IL-10 and IL-5 but no IL-4, which acquire some 
regulatory function after further culture (223). However, these DC are only partially 

activated compared to LPS-stimulated BM-DC. It is possible that this partially activated
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phenotype (rather than IL-10 production) is responsible for the type of T cells obtained, 
since immature DC can induce regulatory T cells (224).

Taken together, these data suggests that fully activated, IL-10 producing DC are 
not Th2-inducing DC; instead, DC-derived IL-10 can inhibit the generation of Thl cells in 

vitro. Whether this reflects an autocrine effect of IL-10 on DC in vitro, or a direct effect on 

T cell differentiation that can be reproduced in vivo, remains to be determined.

Role of IL-10 in anti-fungal immunity

It is interesting to consider if IL-10 is required for anti-fungal immunity in vivo. 

Although protection from C. albicans infection is thought to correlate with Thl responses

(225), one study suggested a role for IL-10 in protective immunity against this pathogen
(226). Paradoxically, work from the same group suggests that IL-10 deficiency increased 

resistance to candidiasis, by allowing generation of more potent Thl responses (227). A 

further study suggests that IL-10 producing DC or IL-10 producing CD4+ CD254- T cells 
may be important to prevent inflammatory pathology (212). One explanation for these 
somewhat contradictory results is that a pathogen such as C. albicans may have complex 
mechanisms to avoid or subvert the host immune response. It is interesting therefore to 

investigate the involvement of IL-10 in immunity to non-pathogenic fungal infections.
The fact that common yeasts such as S. cerevisiae do not infect healthy mammals 

suggests we have a potent and protective immune response to such organisms. Indeed, 
the commensal Candida glabrata was shown to induce protective immunity to a systemic 

challenge, in contrast to similar challenge with C. albicans. This protection broadly 
correlated with the hallmarks of a Thl response, with greater induction of mRNA for IL- 

12 and IFN-y in kidneys of mice challenged with C glabrata than C. albicans (228). 
Similarly, protection against the opportunistic fungus Pénicillium marneffei is dependent 

on the Thl cytokine IFN-y (229). Injection of mice with recombinant S. cerevisiae was even 

shown to induce CTL that were able to lyse a recombinant cell line (131). Although this 

study demonstrates a possible use for recombinant yeasts as vaccines, it is not clear how 

this CDS T cell response relates to anti-yeast immunity, or how it was induced.

In conclusion, there is little or no evidence for a requirement for IL-10 in anti- 

fungal or anti-yeast immunity. Instead, various experimental fungal infections induced 

or required characteristics of type 1 immunity. Further work is required firstly to 

validate the induction of IL-10 in vivo, and then to identify a role (if any) for this IL-10 

production in immunity.
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4.3.4 Do DC have the ability to directly recognise and distinguish different 
microbes?

It is not yet clear what the significance of IL-10 production from yeast-activated 

DC is. Thus, for the purposes of the current study, I would like to consider IL-10 

production as a measure of a distinct activation state in DC. If we assume that DC that 

produce IL-10 are in a different activation state to DC that produce IL-12, then we could 

suggest that these different activation states are triggered by recognition of distinct 

microbial products.
However, before we can state that DC can distinguish' pathogens, and tell 

different microbes apart, two further questions must be asked. Firstly, since DC can be 

indirectly activated and modulated by cytokines produced by many other cell types, are 
DC activated here by direct recognition of microbial products? Secondly, are the same 

cells responsible for production of IL-10 and IL-12, and do all subsets have an equal 

ability to respond to microbes? I will address these two questions in the next chapter.
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Chapter 5: Effects of microbial stimuiation on DC 
subsets

To complicate the study of the influence of microbial activation on production of 
cytokines from DC, extensive heterogeneity of DC has been described. Phenotypically 

distinct DC have been suggested to have different abilities to drive T helper cell 
differentiation. This has been linked to differences in production of cytokines such as IL- 

12. I studied production of IL-10 and IL-12 by murine spleen DC subsets in response to 

microbial stimulation.

5.1 Introduction: Do different DC sub-types produce distinct Th 
poiarising cytokines?____________________________________

The involvement of different DC subtypes in generation of different Th responses 
was first demonstrated with human cells in vitro and with mouse cells in vivo. DC 

derived from two distinct human blood precursors had divergent effects on T cell 
priming in vitro: Monocytes cultured with GM-CSF developed into DC that primed Thl 
responses, while plasmacytoid cells cultured in IL-3 developed into DC that primed Th2 

responses (230). When murine DC subsets sorted on the basis of CD8a staining were 

injected into mice with antigen, different Th responses were seen (231). Similar results 

were obtained when DC sorted on the basis of C D llc and C D llb  expression (232). It 
would appear from these results that CDllb~ CD8a"  ̂DC potently prime Thl responses, 

but CDllb^ CD8a" DC are unable to prime Thl cells and induce Th2 responses instead. 

As well as differences between subsets isolated from within one organ, different Th 
priming abilities were seen when DC isolated from peyer's patch were compared with 

splenic DC (221).
There are a number of limitations of measuring Th differentiation both in vitro 

and in vivo. Thus, in order to confirm that the effects on Th class seen are due to 

differences intrinsic to DC subsets, the mechanisms whereby DC influence Th 
differentiation must be identified. These mechanisms could include differences in cell- 

surface or secreted products. For example, increased IL-12 production was seen from the 

CD8a^ DC that were also better at driving Thl responses, and DC derived from IL-12 

deficient mice could not induce Thl cells (233). Preferential IL-12 production was also 

observed from CD8a^ DC following stimulation with STAg, perhaps suggesting that this 

subset has specialised IL-12 producing capacity (88). Similarly, a correlation between 

cytokine production and effects on Th cells was seen with DC taken from different 
organs. Murine peyer's patch DC were shown to produce IL-10, resulting in Th2 

differentiation, in contrast to IL-12 production and Thl skewing seen with spleen DC 

(221).
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Together, these reports suggested that various subsets of human and mouse DC 

might have different abilities to produce T helper polarising cytokines. I wondered if 

distinct subsets were responsible for the production of IL-10 or IL-12 seen in response to 

CD40L plus microbial stimuli. I also investigated whether all subsets could be activated 

by several microbial stimuli. Finally, I asked if DC subsets are 'hardwired' to produce 

specific cytokines following activation, or if individual DC are capable of making 

different cytokines.

5.2 Cytokine production by DC subsets_____________________

Having established that different microbial products have the ability to induce 
both IL-12 and IL-10 production, it became crucial to establish exactly which cells are 

responsible for producing these cytokines. I sorted splenic DC subsets and compared 
their ability to respond to microbial stimulation and make IL-12 or IL-10. In order to see 

if CD8a^ DC can all make IL-12 or IL-10,1 used per-cell staining to determine how many 

of these cells make IL-12 or IL-10.

5.2.1 Production of IL-12 or IL-10 by DC subsets

To determine which cells within the CDllc-enriched cultures used in chapter 4 
make IL-10 and IL-12,1 sorted DC subsets to high purity by flow cytometry (figure 5.1 A), 
stimulated these sorted cells with microbial agents plus CD40L, and measured cytokine 

production.
Triggering CD40 alone induced IL-12 p70 production from CD8a^ DC, and 

induced IL-10 production by all three DC subsets (figure 5.1B). However, combination of 
CD40L with microbial stimuli had a dramatic effect on cytokine production. IL-12 p70 

was produced by CD8a^ DC when stimulated with STAg, CpG DNA or PPD plus 

CD40L (figure 5.IB). In contrast, IL-10 was produced when these cells were cultured 

with zymosan or heat-killed S. pombe plus CD40L. DN DC showed a similar pattern of 

cytokine production, although the magnitude of their response was somewhat smaller. 
High levels of IL-10 were produced by CD4^ DC when stimulated with zymosan or S. 

pombe plus CD40L. In contrast to CD8a^ and DN DC, however, CD4^ DC did not make 

IL-12 p70 in response to any stimulus (figure 5.1B).
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Figure 5.1 : Cytokine production by individual DC subsets is dependent on 
microbial stimulation
A ) FACS analysis of sorted B6 DC subsets. Histograms show the C D llc  profile of 
each population, and dot plots show CD4 vs. CD8a profiles of gated CDIIc^^'sht 
cells. B) DC subsets sorted as in A were plated at 4x10^ cells/well on a monolayer 
of CD40L-expressing fibroblasts with the indicated microbial stimuli. After overnight 
incubation, IL-10 and IL-12 p70 levels in supernatants were measured by ELISA. 
Doses: CpG DNA, 1/yg/ml; STAg, 5/vg/ml; PPD, lO/vg/ml; zymosan, 10/vg/ml; S. 
pombe, 5x10^ particles/well. * indicates significant increase over medium alone at a 
5% level; ** indicates significant at a 1% level. Data are representative of 7 
independent experiments.
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Since IL-10 can inhibit IL-12 production from DC (200), it is important to 

ascertain if IL-10 produced by zymosan-stimulated DC is blocking IL-12 production 

from these cells. I used a neutralising anti-IL-10 antibody to inhibit any effect of IL-10 on 

DC activation in an IL-12 secretion assay. It is clear that inhibition of IL-12 production by 
IL-10 did occur in these DC cultures, as addition of blocking antibodies to IL-10 lead to 

increased IL-12 p70 production in response to all stimuli tested, from C D llc enriched 

cell cultures (figure 5.2, top panel). However, in the presence of anti-IL-10, levels of IL-12 
seen following activation with zymosan or S. pombe were not increased, compared with 

culture with CD40L alone (figure 5.2). Even in the presence of anti-IL-10, CD4^ DC failed 
to make detectable IL-12 p70. Thus stimulation with killed yeasts or zymosan appears to 

trigger a distinct form of activation, where IL-10 and no IL-12 p70 is produced in the 

presence of CD40 triggering.
To confirm that activation of sorted DC was not mediated by effects of zymosan 

or PPD on the CD40L-expressing fibroblasts, sorted DC were cultured with differing 

doses of these stimuli and CD40 and CD86 levels measured by FACS (figure 5.3A). CD40 
and CD86 expression increased above levels seen with culture in medium alone, 
confirming that direct activation of DC was occurring. It is interesting to note that these 
dose-responses do not suggest any gross differences in the sensitivity of these cells to 
either PPD or zymosan. The upregulation of CD40/CD86 on CD4^ DC in response to 
PPD stimulation confirms that the lack of IL-12 p70 production seen from sorted CD4^ 
DC is not simply due to the inability of these cells to respond to this agent.

In case differences in levels of cytokines produced by different subsets were due 
to quantitative differences in stimulation, 1 measured cytokine production from sorted 
DC subsets cultured on CD40L fibroblasts following stimulation with different doses of 

PPD or zymosan. Peak levels of IL-10 generated in response to zymosan plus CD40L still 

differed by more than 2-fold when the three subsets are compared in this way (figure 
5.3B). Similarly, CD8"̂  DC produced a maximum of 2.5x greater levels of IL-12 p70 than 

DN DC. In contrast, CD4"̂  DC made no IL-12 p70 with any dose of PPD (figure 5.3B). 

Production of IL-10 or IL-12 p70 by CD8a^ and DN DC was independent of the dose of 

stimulus used; zymosan always induced IL-10 production, and PPD always induced IL- 
12 p70 production. Similarly, CD4^ DC produced IL-10 in response to all doses of 

zymosan, and no IL-10 at any dose of PPD (figure 5.3B). These results demonstrate that 

differences in cytokine production following microbial activation are due to qualitative 

not quantitative differences in DC activation.
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Figure 5.2: Absence of IL-12 production following yeast stimulation is not 
due to supression by IL-1 0
C D llc-enriched cells (90% DC; 4x10Vwell) or sorted DC subsets 
(5x10Vwell) from B6 mice were cultured overnight on CD40L-expressing 
fibroblasts with the indicated microbial stimuli in the presence of 10/vg/ml 
of a neutralising anti-IL-10 mAb or a control rat IgGI of irrelevant 
specificity. IL-12 p70 levels in supernatant were measured by ELISA. Doses: 
PPD, 10/vg/ml, zymosan, 20/vg/ml and S. pombe, IxlO ^particles/well. 
Histograms represent the mean of triplicate wells; all error bars are shown 
and represent one SD from the mean. ND, not detectable. Data are 
representative of 5 experiments with C D llc -en riched  cells and 2 
experiments with sorted subsets.
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5 .2 .2  Individual CD8a* DC can make either IL-12 p40 or IL-10, depending on 

stimuiation

Although sorted CD8a^ DC were able to make IL-12 p70 or IL-10 following 

stimulation, it remained possible that heterogeneity exists within this subset, and that 

different sub-populations are responsible for either IL-12 p70 or IL-10 production. I 

carried out per-cell staining for IL-12 and IL-10 to estimate the proportion of these cells 

that make each cytokine.
I measured IL-12 production by staining stimulated DC that had been fixed and 

permeablised, to allow detection of intracellular IL-12. Following stimulation with CpG 

DNA plus CD40L fibroblasts, essentially all CD8a"  ̂DC stained for IL-12 p40 (figure 

5.4A). However, many DC that produce IL-12 p40 do not make the bioactive 
heterodimer IL-12 p70. For example, salmonella-stimulated DC make high levels of IL-12 

p40 but no IL-12 p70 (234). Staining of the same cells with an antibody specific for the 
bioactive IL-12 p70 heterodimer gave much weaker staining, and only 14% of CD8a"  ̂DC 

were clearly positive (figure 5.4B).
To measure per-cell IL-10 production, I used a live cell cytokine secretion assay. 

This utilises a cell-surface bound reagent to capture secreted IL-10, followed by detection 

of IL-10 with a fluorescent secondary antibody (see chapter 2 for details). Since IL-10 

accumulating during the secretion period could potentially bind emy cell, live and fixed 
DC were mixed during the IL-10 secretion culture period. When cells were plated at low 

density and cultured for the optimal secretion period, 20-30% of live CD8a"  ̂DC but no 

fixed DC stained for IL-10 (figure 5.4C),

Together, these data suggest that some CD8a^ DC can produce either IL-12 p40 

or IL-10, depending on how they are stimulated. However, it is not possible to tell if the 

same cells can make either IL-10 or bioactive IL-12 p70.

Figure 5.3 legend: Dose-independent IL-10 and IL-12 production 
following stimulation with Zymosan or tuberculin PPD
Sorted B6 DC subsets were cultured overnight with varying doses of PPD or zymosan 
and analysed for surface marker upregulation or cytokine production. A) Sorted DC 
subsets (6x10Vwell) were cultured without fibroblasts with indicated concentrations of 
PPD or zymosan. Duplicate wells were pooled, stained for CD11c, CD40 and CD86 and 
analysed by FACS. MPI are expressed as fold increase over medium alone (dotted line).
B) DC subsets (6x10Vwell) were cultured overnight on a monolayer of CD40L- 
expressing fibroblasts with serial dilutions of PPD or zymosan, and supernatants were 
analysed for IL-12 p70 and IL-10 by ELISA. Top concentrations were 40pg/ml for PPD 
and lOpg/ml for zymosan; cytokine production with CD40L alone is indicated a s “0 ”. 
Data are the mean of duplicate wells (triplicate for “0”). All error bars are shown and 
represent one SD from the mean. Data are representative of 3 independent experiments.
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5,3 Discussion___________________________________________

At the end of the last chapter, I suggested that production of IL-10 vs IL-12 might 

indicate that DC can distinguish pathogens. The fact that DC are heterogeneous raises 
two questions. Firstly, are all DC subsets directly activated by microbes? Secondly, do 

different subsets make distinct cytokines, or can microbial cues override developmental 

specialisation of these cells? Similarly, does microbial stimulation have any effect on the 
ability of DC subsets to induce Thl or Th2 differentiation.

5.3.1 Are DC activated directly by microbial stimuli?

Firstly, I will consider if the current evidence show that DC activation and 

cytokine production are both triggered by direct recognition of microbes. Then I will ask 

if every DC subset is equally activated by all microbes.

In order to measure direct activation I purified three CD llc'’"®*’* DC subsets from 
spleen and cultured them alone with microbial agents. I found that CD40 and CD86 
expression was increased on all three subsets by addition of either M. tb PPD or zymosan 

(figure 5.3A). Since no other cells were present, I conclude that these DC must have an 
intrinsic ability to directly recognise components of these microbes, and become 
activated. Although all three subsets responded to the two stimuli I tested, distinct 
subsets could be unresponsive to other stimuli.

Figure 5.4 legend: Som e CD8a+ DC can make either IL-10 or IL-12 
p40, depending on the stimulus encountered
A) CD11c-enriched C3H/HeJ spleen cells were cultured either alone or with CpG DNA 
(1pg/ml) plus CD40L-expressing fibroblasts. Brefeldin A was added after 4 h, and cells 
were harvested and fixed 2.5 h later. Cells were permeabilised and stained with 
antibodies to IL-12 p40 or with mixed isotype control antibodies, counterstained for 
C D llc , DEC-205 and CD8a and analysed by flow cytometry. Dot plots show IL-12 vs. 
forward scatter profiles of CD8a+ DEC-205+ CD11c+ cells. B) Similar to B, using cells 
from BALB/c mice and staining for IL-12 p70. Dot plots show IL-12 vs. forward scatter 
profiles of CD8a+ CD11c+ cells. Data for A, B and C are  representative of 3 -4  
independent experiments. C) A 1:1 mixture of labelled live and fixed CD llc-enriched  
C3H/HeJ spleen cells was cultured with either control fibroblasts or with zymosan 
(50pg/ml) plus CD40L-expressing fibroblasts as indicated. Cells were assessed for IL-10 
production as detailed in the Materials and Methods and analysed by flow cytometry.
Left: dot plots shown show IL-10 vs. forward scatter profiles of gated CD8a+ CD11c+ DC 
(FITC+ TC" for live or FITC- TC+ for fixed). Right: the same mixture of live and fixed DC 
were coated with IL-10 capture reagent and incubated ± exogenous IL-10 (lOng/ml) and 
then stained with anti-IL-10 and CD8a; histograms show IL-10 staining of CD11c+ CD8a+ 
DC gated as above.
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It is also very likely that direct recognition leads to induction of IL-10 or IL-12. It 
was not possible to measure CD40L-amplified cytokine production from sorted DC 

without co-culture with fibroblasts. We were unable to stimulate spleen DC in vitro with 

soluble CD40L oligomers or an agonistic anti-CD40 antibody, and fixed CD40L- 
expressing fibroblasts also failed to synergise for cytokine production (N. Rogers and C. 

Reis e Sousa, personal communication). Thus, although sorted DC subsets made IL-10 or 

IL-12, live CD40L-expressing fibroblasts were always present in these cytokine 
production experiments (figure 5.1 and 5.3B). However, it seems likely from the current 

data that direct recognition does result in IL-10 or IL-12 production for the following 
reasons. Firstly, the fibroblasts didn't make IL-12 or IL-10 either alone (by ELISA; data 

not shown), or when co-cultured with DC (by intracellular staining; data not shown). 

Secondly, T cells can substitute for fibroblasts to give feedback (206), so if indirect 
recognition was required, T cells can provide this. Finally and most importantly, IL-10 

mRNA was upregulated within 2h of culture of sorted DC subsets with zymosan (figure 

6.4 and data not shown).
By adding different doses of these stimuli and measuring surface marker 

upregulation, it should be possible to determine if all subsets have similar sensitivity to 
these extracts. Although no difference in sensitivity to zymosan was seen, sorted CD8a^ 

DC appeared to become activated at lower doses of PPD than the two CD8a"subsets.

This suggests these cells are more sensitive to this M, tuberculosis extract. However, it is 
crucial to ask if these extracts contain a single component that is recognised by these 

cells. If, for example, PPD contained two active components at different concentrations, 
and these agents were recognised by different subsets, these subsets might appear to 

have different sensitivity to that microbe. Thus, in order to compare direct activation of 
these cells in more detail, the component(s) of these microbial extracts that is recognised 

by these cells must be identified.

In conclusion, all three CDllc*’"®*’* spleen DC subsets can be directly activated by 

components of S. cerevisiae and M. tuberculosis, and direct recognition triggers DC 

cytokine production. However, in order to investigate if the same microbial components 

are recognised by all subsets, and if all subsets are equally sensitive to these components, 

more detailed understanding of what is recognised and how this recognition occurs is 

needed. I will investigate the mechanisms of microbial recognition by DC in chapter 6, 
and the responsiveness of DC subsets to defined stimuli in chapter 7.

5,3.2 Do microbial signals control cytokine production from all DC subsets?

As well as asking if all subsets are stimulated by different microbes, it is 

important to determine if all subsets respond in the same manner to each stimulus. Thus 

although DC subsets all respond flexibly to distinct stimuli, there may still be functional
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specialisation for cytokine production. I will also consider if heterogeneity within 

subsets might account for differences in cytokine production.

Flexibility and specialisation of DC subsets

There are quantitative differences in the levels of IL-10 produced by different 

subsets when stimulated with zymosan plus CD40L; thus CD4^ DC made as much as 

three times as much IL-10 as maximally stimulated CD8a^ DC (figures 5.1 and 5.3). 

However, all three subset appear able to make IL-10, when appropriately stimulated.
In contrast, it appears that CD4"̂  DC do not make IL-12 p70. At first sight, this 

striking lack of IL-12 p70 production from CD4^ DC might suggest that this subset is 
unable to respond to stimuli such as CpG or PPD (figure 5.1-5.3). However, as discussed 

above, CD4^ clearly become activated by PPD, as determined by surface marker 

upregulation (figure 5.3A). Note that although we do not know that the same agent 
within PPD activates the three subsets, CpG DNA activates all three subsets via TLR9 

and MyD88 (see chapter 7,31), and still cannot induce IL-12 p70 from the CD4^ subset 

(figure 5.1 and data not shown). In my experiments, CD4^ DC never made significant 

levels of IL-12 p70, when stimulated with different agents, different doses of stimuli or in 
the presence of blocking anti-IL-10 (figs 5.1-5.3). Others have shown that addition of IL-4 

an d /o r IFN-y, which both potently augment IL-12 p70 production from other DC, also 

could not induce IL-12 p70 production from this subset (235). Thus CD4^ DC appear to 

have a deficiency in IL-12 p70 synthesis.
In spite of this specialisation, CD4^ DC not only respond to stimuli such as CpG 

or PPD, but they also have a different cytokine response to these stimuli than when 

stimulated with zymosan. Whereas CD8a^ and DN DC make IL-10 or IL-12, CpG- or 

PPD- stimulated CD4^ DC make either IL-10 or no IL-10. Thus CD8a"  ̂and DN DC make 

IL-10 in response to zymosan, and IL-12 p70 in response to tuberculin PPD or CpG DNA. 
Similarly, CD4^ DC made IL-10 in response to zymosan, and no IL-10 in response to 

tuberculin PPD or CpG DNA.

In conclusion, DC subsets appear to be both flexible in their response to microbes, 

and specialised in cytokine production. Thus all three subsets studied appear able to 

distinguish pathogens, and make different cytokines depending on what microbial 
stimulus they are activated by. At the same time, CD4^ DC are unable to synthesise IL-12 

p70.
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Further heterogeneity within subsets

Sorted CD8a"  ̂DC were able to produce IL-12 p70 or IL-10, depending on 

stimulation (figure 5.1B and 5.3B). To investigate if further heterogeneity within this 

subset could account for production of these cytokines, per-cell staining for IL-10 and IL- 

12 was used to estimate the proportion of cells in this subset that made each cytokine.

Essentially all CD8a^ DC made IL-12 p40 when stimulated with CpG plus 

CD40L, and over 20% made IL-10 when stimulated with zymosan plus CD40L, thus we 
can conclude that some DC are bi-potential for production of these two cytokines. Since 

bioactive IL-12 consists of the IL-12 p40 plus p35 heterodimer, staining for IL-12 p70 was 

also carried out. However, less than 15% of CD8a^ DC stained for IL-12 p70 when 

maximally stimulated with CpG plus CD40L. It is not surprising that staining for IL-12 

p70 is weaker than staining for the p40 subunit, since measurement of culture 
supernatants by ELISA suggests that spleen DC make 10-50x more IL-12 p40 than 

bioactive p70 heterodimer (data not shown). Because of this weak staining, it is difficult 

to tell if the 14% of CD8a^ DC that stain brightly for IL-12 p70 represent a specific sub

population of cells that make IL-12 p70 in response to CpG stimulation. Alternatively, 
some cells that did not stain detectably for IL-12 70 may also secrete significant 

quantities of the cytokine.
There are also limitations with the IL-10 secretion assay. Firstly, it is likely 

continual CD40 triggering is required for maximal IL-10 production, as seen with IL-12 

p70 production (chapter 3). Thus disruption of CD40L fibroblast-DC conjugates, when 

cells are harvested in order to coat with the IL-10 capture reagent, may terminate IL-10 
secretion. Although DC were plated onto fresh fibroblast monolayers for the secretion 

culture, it is possible that the final number of IL-10 stained DC is an underestimate of the 

number of CD8a^ DC that can make IL-10 in response to zymosan. Secondly, the IL-10 

secretion assay was designed to detect low frequency IL-10 producing T cells. 

Considerable effort was needed to prevent passive transfer of secreted IL-10 from cells 

making high levels onto cells that do not. Maximal culture volumes were used to prevent 

high concentrations of IL-10 accumulating, and DC were plated at very low densities to 

reduce clustering. To ensure that such passive transfer did not occur, fixed DC were 

included in the assay. Since no staining of fixed DC for IL-10 was seen, it is clear that 

cytokine transfer was avoided; however, it is unlikely that these conditions were optimal 
for DC cytokine production.

Thus, from the current data, it cannot be excluded that further heterogeneity 
exists within each subset, such that some DC within each subset respond to distinct 

microbes and make different cytokines. However, some CD8a"  ̂DC are certainly able to 

make either IL-12 p40 or IL-10.
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5.3.3 Do different DC subsets direct different T helper responses?

Early experiments suggested that CDSa^ DC prime Thl responses while 

CDSa DC prime Th2 responses. Since the majority of CD8a“DC are CD4^ DC, and this 

subset cannot make IL-12 p70, it is very plausible that CD8a~ DC might indeed induce 

less Thl and thus more Th2 than CD8a^ DC. However, it is clear that microbial 

stimulation has a dramatic effect on cytokine production by each of these cell types. It is 

worth considering therefore what the effect of differential activation of DC subsets is on 
their ability to prime Th differentiation.

As discussed in chapter 4, Shivanthi Manickasingham showed that PPD or STAg 

stimulated CDllc-enriched DC induced more Thl differentiation, whereas zymosan 

suppressed Thl (222). Similarly, sorted CD8a^ and DN DC were both capable of 

inducing more Thl with PPD or STAg, or less Thl differentiation with zymosan (222).

The effects of microbial stimulation on T cell differentiation driven by the CD4^ subset 

were perhaps more striking, however. As expected, less Thl priming was seen when T 

cells were primed with unstimulated CD4^ DC, than with other DC subsets, (222). 
However, addition of tuberculin PPD to such cultures still led to development of more 

IFN-y producing T helper cells than with medium alone (222). Note that the inability of 

STAg-stimulated CD4^ DC to prime Thl may reflect the selective effect of STAg on IL-12 

production on CD8a"  ̂DC, which preferentially express CCR5 (236). However, the fact 
that a subset of DC that do not appear to make IL-12 p70 still has the potential to prime 
Thl responses (when stimulated appropriately) raises serious questions about the 

interpretation of early experiments suggesting these cells prime Th2 responses.
The suggestion that DC subsets can induce different forms of Th differentiation 

depending on stimulation is consistent with many reports studying in vitro-derived DC. 
For example, human monocyte-derived DC and murine BM-DC can both drive either 

Thl or Th2 responses, when stimulated with different microbial components (211, 205, 

214). Similarly, DC derived from human blood plasmacytoid cells, originally thought to 

prime Th2 responses (230), were shown to potently prime Thl responses when activated 

by viral infection(237). These dramatic effects of direct recognition of microbes on 

cytokine production (and T helper cell differentiation capacity) by DC subsets must be 
incorporated into any model of the role of these cells in different immune responses.

In conclusion, the ability of each of these DC types to drive Th differentiation is 

potently influenced by microbial stimuli. Thus, CD8a^, CD4"̂  and DN DC all induce 

enhanced Thl responses in the presence of tuberculin PPD, or suppressed Thl 
differentiation when stimulated with zymosan. It is also probable that unstimulated 

CD8a^ DC induce more Thl cells than unstimulated CD8a"DC, possibly reflecting the 

inability of CD4^ DC to make IL-12 p70.
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Chapter 6: Innate receptors involved in direct activation 
of DC by microbes

In order to understand how DC stimulated with different microbes are able to 

produce different cytokines, it is crucial to determine how DC directly recognise 

microbes. 1 chose two stimuli that induce opposite cytokines from DC, tuberculin PPD 

and zymosan, and tested TLR-2 knockout DC to see if they could respond to these 

stimuli and make IL-12 or IL-10.1 tested for induction of cytokines via the TLR adapter 
MyD88, and the non-TLR adapter Syk. 1 also investigated which receptor(s) /  yeast 

component(s) are involved in zymosan binding by DC.

6.1 Introduction: candidate receptors for tubercuiin PPD or yeast 
recognition_____________________________________________

The list of TLR with defined microbial (or synthetic) triggers has grown 

spectacularly in the last few years. In addition to these recently identified PRR, many 
more diverse innate receptors have been identified (see chapter 1.1). Although all murine 
TLR have been knocked out, it is not feasible to simply screen DC from all these 

knockouts. In order to narrow down our search we identified candidate receptors for M. 
tuberculosis or yeasts. In addition, 1 investigated the involvement of signal adapter 
molecules such as MyD88 that are common to several PRR.

6.1.1 Candidate PRR for tuberculin PPD and zymosan

Components of mycobacteria including lipoarabimannan and mannosylated 
phosphatidylinositol trigger TLR, including TLR2 (20-22,238) and also TLR4 (22).

Further, mycobacteria also contain immunostimulatory DNA that probably acts via 
TLR9 (31,239). Having already determined that tuberculin PPD could induce IL-12 from 

TLR4-deficient DC (figure 4.1) we wondered if TLR2 might be required for IL-12 

induction.

Phagocytosis of zymosan by macrophages has been studied for many years, and 

a number of receptors have been identified that bind yeast cell wall carbohydrates, 
including the MR (45), CR3 (52), and more recently a receptor for beta-glucans, dectin-1 

(47,54). In addition, zymosan was demonstrated to trigger macrophage activation via 

TLR2 (41), possibly in co-operation with TLR6 (26). So how do uptake receptors and TLR 
co-operate in macrophages? When we started this study, it was thought that non

signalling phagocytic receptors facilitate zymosan uptake, then TLR are recruited to 

phagosomes to trigger activation such as TNFa production (41). Two recent reports 

demonstrated that dectin-1 can directly signal into macrophages (240,241), suggesting 

that the interaction between phagocytic receptors and TLR is more complex than
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originally thought. In conclusion, candidate surface receptors for zymosan binding 
included the MR, CR3 and dectin-1. Although the best candidate for a receptor 

responsible for DC activation and signalling was TLR2, recent data also suggests that 

dectin-1 may also be able to signal directly into cells.

Thus TLR2 was the primary candidate for recognition of components of both M. 

tuberculosis and yeast, but extracts of these organisms induce opposite cytokine 
production from DC. I tested if this molecule was indeed required for induction of either 

IL-12 by tuberculin PPD, or IL-10 by zymosan. In order to investigate which receptors 

might mediate zymosan uptake by DC, I used soluble carbohydrate preparations to try 

to block zymosan uptake and IL-10 induction.

6 .1.2 Adapters for TLR and other pathways

MyD88 knockout mice are a powerful tool to screen for TLR-mediated activity. 

Many TLR signal through the adapter molecule MyD88, and several TLR ligands 

(including CpG DNA and imidazoquinolines) were identified by testing for activation of 
MyD88 knockout mice. Immunostimulation by CpG DNA was shown to require MyD88 
(242), and subsequently TLR9 was identified as a receptor for bacterial DNA (31). 

Similarly the immunostimulatory properties of imidazoquinolines such as the anti viral 
compound R-848 were shown to activate TLR7 via MyD88(28).

Five TIR-domain adapters have been identified, and it has become more difficult 
to exclude a requirement for all TLR simply by examining MyD88-knockout mice (243). 
Not all TLR require MyD88 for signalling, for example MyD88 knockout DC are 

activated by LPS. This MyD88-independent signalling from TLR4 was blocked by a 
peptide that was designed to interrupt the TIRAP/MAL adapter (192). However, data 

from knockout mice suggests that TIRAP/MAL is actually required for MyD88- 

dependent signalling from TLR2 and TLR4 (244). Another adapter called TRIP or 
TIC AM-1 is responsible for MyD88-independent signalling from TLR4 and also TLR3 

(245,246).
The TLR signalling pathway is not the only mechanism known to trigger DC 

activation, and it might be possible to identify different PRR by testing for involvement 

of other signalling molecules. Obviously, inflammatory cytokines activate DC via 
cytokine receptors. Although IL-l-R actually requires MyD88 for signalling, similar to 

TLR (185), other cytokine receptors such as TNF-receptor and type-I interferon receptor 

use very distinct pathways of signalling. Two examples of DC activation have been 
described that do not require TLR or inflammatory cytokine signalling. Firstly, the 

receptor for double stranded RNA, PKR, is required for induction of type-I interferon 

production from DC, following cytosolic challenge with polyLC (193). Secondly, 

immune complexes can activate DC by triggering FcR (108). This has recently been
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shown to be dependent on the adapter Syk, that is recruited to immunoreceptor 

tyrosine-based activating motifs (ITAM) such as those on FcyR and BCR, and is required 

for signalling by these receptors (187,247,248). As 1 will discuss later, the beta-glucan 
receptor dectin-1 (a candidate for zymosan binding by DC) may signal via an IT AM (240, 

241). We therefore wondered if Syk is involved in zymosan-induced IL-10 induction.

As well as testing TLR2-knockout mice for responsiveness to zymosan and 

tuberculin PPD, 1 decided to test DC deficient for MyD88, an adapter required for many 

TLR to signal. Further, 1 used a peptide that inhibits MyD88-independent TLR4 
signalling to investigate any requirement for other TLR adapters. Finally, we speculated 

that the non-TLR adapter Syk, needed for FcR-mediated DC activation, might be 

required for microbial activation of DC.

6.2 Toll-like receptors induce IL-12 production from DC via 
MyD88_________________________________________________

6.2.1 TLR and MyD88- dependent IL-12 induction

The pattem-recognition receptor TLR2 confers macrophage activation in 

response to zymosan (41), but is also required for activation by some components of M. 
tb (20,22,238). 1 made radiation chimeras using bone marrow from either TLR2 
knockout or B6 control mice, and sorted CD45.1^ donor-derived DC from spleen. 1 tested 

the ability of these DC to make IL-12 or IL-10 in response to PPD or zymosan, 
respectively, when co-cultured with CD40L-expressing fibroblasts. As a control, TLR2- 
deficient sorted DC did not produce IL-12 in response to peptidoglycan (PGN; figure 

6.1A), which triggers TLR2 (42). The TLR-2 deficient DC were able to respond to STAg or 
CpG and make IL-12 (figure 6.1 A). Strikingly, IL-12 induction by tuberculin PPD was 

also absent with TLR2-deficient DC (figure 6.1 A), suggesting that this receptor is 

required for IL-12 induction in response to this extract. In contrast, IL-10 production in 

response to zymosan was not reduced, and was even more pronounced, from DC 

derived from TLR2-deficient bone marrow. This suggests that TLR2 is not required for 

zymosan-induced IL-10 production.
We wondered if the adapter MyD88, required for signalling from many TLR, is 

required for IL-10 induction by zymosan. 1 made radiation chimeras and sorted DC from 

MyD88 knockout or control mice. MyD88-deficient DC secreted normal levels of IL-10 

when stimulated with zymosan plus CD40L (figure 6.IB), suggesting thatlL-10 induction 

by zymosan was independent of MyD88. In contrast, no IL-12 was produced by MyD88- 
deficient DC, in response to any stimulus tested (figure 6.IB). This confirmed that 

tuberculin PPD induces IL-12 from DC by signalling from TLR2 via MyD88, and also 

suggested that STAg induces IL-12 via TLR triggering.
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Figure 6.1: TLR2 and MyD88 are required for the IL-12 p70 response to 
PPD but the IL-10 response to zymosan is TLR-independent

C D 1  I c ^ r i g h t  CD45.1- donor-derived spleen DC were purified from radiation 
chimeras of B6.SJL (CD45.X) mice reconstituted with bone marrow from 
CD45.2+ MyDBB'^’ , TLR2'^' or control B6 mice.
A) Purified MyDBB'^' or control DC were cultured overnight at SxlOVwell 
with the indicated stimuli on a monolayer of CD40L-expressing fibroblasts. 
Cytokine levels in supernatents were measured by ELISA after 24h.
B) As in (A) but with sorted DC from TLR2/- vs. control chimeras.
Doses: STAg 5/vg/ml; CpG, 1/vg/ml; PPD, 20/vg/ml; PGN 100/vg/ml; 
zymosan, 10/vg/ml; S. pombe 10^ particles/well.

Continues on next page...
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Figure 6.1 continued...
C) CD40 and CD86 expression on sorted CD45.1- donor-derived CD11c^''9^‘ 
DC, from MyD88-^" or control chimeras, was analysed by flow cytometry 
after overnight culture with the indicated stimuli.
D) C D llc -en riched  BALB/c splenocytes were pre-treated for Ihour with 10 
/jM of TIRAP or control peptide. Cells ± peptides were stimulated overnight 
with zymosan (10//g/ml) on CD40L-expressing fibroblasts and analysed for 
IL-10 production (left). As a positive control, the same cells ± peptides were 
stimulated overnight with LPS (0.5 ng/ml), and CD86 expression on DC was 
analysed by flow cytometry (right). MPI, median fluorescence intensity of 
gated CD1 Ic^ '̂s^* cells. Histograms represent the mean of triplicate wells; all 
error bars are shown and represent one SD from the mean.
N.D, not detectable. Data are representative of two experiments with TLR2 

DC, three with MyD88-^- DC and two with the TIRAP-peptide.
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As well as inducing IL-10 production, zymosan induced an increase in surface 

markers such as CD40 and CD86 (figure 4.2). I stimulated MyD88-deficient DC 

overnight with various stimuli, and confirmed that CpG could not induce CD40 or CD86 

upregulation on these cells (figure 6.1C). In contrast, zymosan induced normal surface 
marker upregulation from the knockout DC, demonstrating that MyD88 is not required 

for DC activation by zymosan (figure 6.1C).

In order to block non-MyD88 TLR adapters, I used a peptide designed by 
combining the antennapedia sequence to a sequence derived from the TIR domain of 

TIRAP/MAL (192). I confirmed the ability of this peptide to inhibit signalling from TLR4 

by demonstrating effective inhibition of DC activation by LPS (figure 6.ID). However, 
the peptide had no effect on IL-10 production in response to zymosan (figure 6.1D).

In conclusion, tuberculin PPD failed to induced IL-12 production in TLR2- or 

MyD88- deficient DC. In contrast, zymosan-induced IL-10 production and upregulation 

of DC surface markers was independent of TLR2 or MyD88, and could not be blocked by 

an inhibitory peptide that blocks LPS-induced DC activation.

6.2.2 TLR -dependent and -independent DC activation by zymosan
DC produce significant levels of IL-12 p40 as well as IL-10 when stimulated with 

zymosan. In order to test if any form of DC activation required MyD88,1 compared 
cytokine production from BM-DC derived from MyD88 or control B6 mice. I stimulated 

these DC with different doses of zymosan with or without CD40L-expressing fibroblasts, 
and measured production of IL-12 p40 and IL-10. Although IL-10 induction by zymosan 

plus CD40L was not impaired in MyD88-deficient DC, IL-12 p40 production was 

significantly reduced (figure 6.2). This suggests that, in contrast to IL-10 production, IL- 
12 p40 induction from BM-DC by zymosan is partially dependent on TLR triggering. 

Similarly, in some experiments small amounts of IL-12 p70 were induced from 

CDllc*’"®'̂  ̂spleen DC by zymosan or S. pombe; these were reduced from TLR2- or 

MyD88-deficient cells (figure 6.1A and B). It is important to note that although zymosan 

induced some IL-12 p40 from MyD88-deficient BM-DC, CpG induced IL-12 p40

production was completely dependent on MyD88 (figure 6.2).
In conclusion, zymosan induced IL-12 production from BM-DC is partially

dependent on MyD88 (although MyD88-deficient DC still made IL-12 p40 in response to 
zymosan). This suggests that as well as TLR2- and MyD88- independent IL-10 (and IL-12 

p40) induction, zymosan contains a TLR trigger that can induce IL-12 production from 
DC via MyD88. It will be important to identify exactly which component of yeast 

triggers TLR2, in order to definitively prove that this response does not reflect 

contamination of zymosan with a bacterial lipopeptide.
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Figure 6.2: MyD88 -dependent and -independent activation of BM-DC by 
zym osan
BM-DC were generated in vitro with GM-CSF from either control 86 BM or 
MyD88 knockout BM, as indicated. On day 4, DC were stim ulated with the 
indicated doses of m icrobial stimuli, and some were co-cultured with CD40L- 
expressing fibroblasts. Cytokine levels in overnight culture supernatents 
were determined by ELISA.
These data are representative of two independent experiments.
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6.3 TLR-independent activation of DC by zymosan_____________

I wished to understand how zymosan induces IL-10 and DC activation 

independently of TLR2 and MyD88.1 tried to identify the yeast cell wall component(s) 
bound by DC, and then attempted to determine if the receptor for beta-glucans, dectin-1, 

was involved in zymosan-induced IL-10 production. Finally, I investigated whether 

zymosan induced IL-10 via the non-TLR adapter Syk.

6.3.1 Inhibition of DC iL-10 production by 1-6 beta-giucans

Binding of zymosan by macrophages has been demonstrated to occur via binding 

of mannan- and glucan-containing yeast cell wall components. To determine if either of 

these components were bound by DC, I added various soluble preparations of 

carbohydrates to cells and measured binding of fluorescent zymosan particles by flow 

cytometry. Although dextran or mann-BSA had no effect on zymosan binding, laminarin 
and glucan-phosphate were potent inhibitors of zymosan particle binding and uptake by 
dendritic cells (figure 6.3A). Both laminarin and glucan-phosphate consist of 1,6-linked 
beta-glucans, and thus the inhibition of zymosan binding indicates involvement of a 
glucan receptor. Neither laminarin or glucan-phosphate inhibited the uptake of 

fluorescent beads by DC (data not shown).
1 tested for the ability of these soluble carbohydrates to inhibit IL-10 production 

from DC stimulated with zymosan plus CD40L. None of the preparations induced IL-10 
production when added to DC (figure 6.3A). However, inclusion of laminarin or glucan- 
phosphate both partially inhibited zymosan-induced IL-10 production from DC (figure 

6.3A). The correlation between inhibition of zymosan binding and IL-10 production 
indicates that, as expected, zymosan binding is required for DC activation and IL-10 

induction.

Flow cytometric analysis suggested that different subsets of spleen DC might 
have differing ability to bind zymosan, and show different inhibition by soluble beta- 

glucans (data not shown). I sorted CD8a^ and CD4^ DC subsets, and determined the 

degree of inhibition of IL-10 induction and zymosan binding by glucan-phosphate. 

Inhibition of binding or IL-10 induction was never complete, but appeared to vary 

depending on the dose of zymosan used. Thus I measured inhibition of binding and IL- 

10 induction over a large range of doses of zymosan.
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Figure 6.3: zymosan binding and IL-10 induction are blocked by soluble 
1,6- beta-glucans
To measure zymosan binding, soluble carbohydrates were added as 
indicated and then DC were cultured with fluorescent zymosan from 1h to 
overnight and analysed by FACS. To measure IL-10 production, soluble 
carbohydrates were added as indicated and DC were icultured overnight 
with CD40L plus zymosan, and IL-10 levels were determined by ELISA.

continued on next page...
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Figure 6.3 continued
A CD11c-enriched cells were cultured for 2h (uptake assay) or overnight 
(IL-10 production) with 10//g/ml zymosan, in the presence of the indicated 
carbohydrates at 100/yg/ml.* indicates significant inhibition at a 5% 
confidence level, of IL-10 production relative to zym osan alone; ** indicates 
significant at a 1% confidence level.Representative of over 5 different 
experiments.
B CD4+ and CD8a+ DC were sorted, and inhibition of zymosan binding and IL- 
10 induction by 100/yg/ml glucan-phosphate were measured a fte r overnight 
culture with different doses of zymosan.
0  Dose-dependent inhibition of zymosan binding to CD4+ and CD8a+ DC. 
Binding was measured at 1h, 2h, or overnight for the three different 
experiments shown. Inhibition of binding was calculated by dividing the 
percentage of zymosan+ cells in the presence of 100/yg/ml glucan- 
phosphate with the percentage of zymosan+ cells cultured in medium.
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A zymosan dose-dependent inhibition of zymosan binding to both CD4^ and 

CD8a^ DC (figure 6.3B) was seen when glucan-phosphate was added. Although CD8a"  ̂

DC produced more IL-10 in response to CD40L alone (figure 5.1B), glucan-phosphate 

also inhibited IL-10 induction from CD8a"  ̂and CD4^ DC to a similar degree to the 

inhibition of binding (figure 6.3B). I compared the degree of inhibition of zymosan 
binding for three different experiments, and saw a striking correlation between zymosan 

dose and inhibition (figure 6.3C). Interestingly, CD8a^ DC always showed a greater 

inhibition of zymosan binding by glucan-phosphate than CD4^ DC, at different time 
points and in three independent experiments (figure 6.3C).

I concluded that both zymosan binding and induction of IL-10 production are 

partially dependent on beta-glucans. The inhibition is not complete, suggesting there 

may be alternative mechanisms whereby zymosan can be taken up and IL-10 induced, 
independent of beta-glucan binding. Further, the degree of inhibition depends on the 

type of DC, with CD8a^ DC showing a greater dependence on beta-glucan binding than 

CD4+ DC.

6.3.2 Is intemaUsation required for IL-10 induction?

It is possible that phagocytosis of zymosan is required before DC activation and 
IL-10 induction can occur. For example yeast components could be released after 
phagocytosis that could then trigger a PRR. Thus glucan binding would be required for 

IL-10 induction, but only to allow uptake of a distinct zymosan component. To test if 
internalisation is required for IL-10 induction, I used latrunculin B, a potent inhibitor of 

phagocytosis that de-polymerises actin.

In order to confirm that latrunculin B inhibits phagocytosis, I developed a 
internalisation assay. I made use of a polyclonal antiserum to stain surface-bound 

zymosan. When combined with fluorescent zymosan, I could detect total zymosan 

association and surface-bound zymosan. Following culture of DC, surface staining 

disappeared on some zymosan-positive cells, indicating these cells had internalised a 

zymosan particle (figure 6.4A). In contrast, in similar cultures including latrunculin B, all 

zymosan-positive cells also stained for surface zymosan (figure 6.4A).
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Figure 6.4: Glucan-dependent IL-10 induction does not require zymosan 
internalisation
A CD8a+ DC were incubated with Cy5-zymosan for 2 hours, then stained for 
zymosan. FITC fluorescence represents surface zymosan staining, whereas 
all cells with internal or external zymosan are fluorescent with Cy5. Inclusion 
of Latrunculin B completely inhibited internalisation.
B CD8a + DC as in A were treated with the indicated inhibitors plus zymosan, 
and culture for 2h. RNA isolated from these DC was then analysed for IL-10 
mRNA by real-time RT-PCR. Representative of two sorting experiments.
C CD11C enriched cells were cultured overnight with or without Latrunculin 
B plus zymosan and CD40L, and IL-10 levels measured by ELISA. In over 10 
expeirments, no inhibition of IL-10 production was seen by inclusion of 
Latrunculin B.
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The FACS-based phagocytosis assay was critically dependent on the culture 
period. Thus, when DC were cultured for longer than 2h, most zymosan-positive cells 

stained for surface zymosan, possibly indicating that further particles were bound but 

not internalised (data not shown). To allow measurement of IL-10 induction at 2h, I 

developed a real-time PGR based assay for IL-10 mRNA. After 2h culture, levels of IL-10 

mRNA are higher in DC cultured with zymosan than in DC cultured in medium alone 

(figure 6.4A). I sorted CDSa^ DC, which showed the greatest inhibition by glucan- 

phosphate (figure 6.3C), and tested if IL-10 mRNA induction required phagocytosis. DC 

stimulated with zymosan in the presence of latrunculin B had higher levels of IL-10 
mRNA (figure 6.4A). Further, IL-10 mRNA induction was completely inhibited by 

inclusion of glucan-phosphate, even in the presence of latrunculin (figure 6.4A). Finally, 

overnight IL-10 secretion from zymosan-stimulated DC was not inhibited by latrunculin 

(figure 6.4C).

Together, these data suggest that celTsurface beta-glucan binding induces IL-10 

mRNA and protein from DC.

6.3.3 Is dectin-1 a receptor for beta-glucans on DC?

Since dectin-1 is a major receptor for beta-glucans on macrophages (54), and beta- 

glucan binding by DC induces IL-10 production (figures 6.3-6.4), this receptor became 

our primary candidate for a receptor for zymosan that induces IL-10 production from 
DC. Dectin-1 is expressed at low levels on all subsets of splenic DC (55 and data not 

shown). I attempted a number of different experiments to investigate the role of dectin-1 

in IL-10 induction from DC by zymosan but I have not included data from any of these 

experiments here. Briefly, I tried to block binding and IL-10 induction with an antibody 

to dectin-1,2A ll (54); I also attempted to induce IL-10 mRNA or protein from DC with 
this antibody. I treated DC with antibody- or complement- opsonised zymosan to 
determine if glucan-independent uptake still triggers IL-10 induction. I tried to express 

dectin-1 in splenic- and in vitro generated DC using a retrovirus; I also attempted to 
induce IL-10 production from a macrophage cell line over-expressing dectin-1. Finally, I 

helped Sarah Flynn to attempt to use short interfering RNA to knock-down dectin-1 

expression in DC.
None of these experiments ruled out a role for dectin-1. At the same time I was 

unable to demonstrate conclusively that dectin-1 is involved in DC activation by yeasts. 

Thus the most critical question concerning IL-10 induction from DC by zymosan is still 

which receptor(s) are involved in zymosan binding?
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6.3.4 The kinase Syk is required for iL-10 induction by zymosan

MyDSS knockout mice have been very useful in allowing identification of TLR- 

dependent processes. Similarly, the kinase Syk is an adapter required for IT AM 

signalling, and has been shown to be necessary for activation of DC by FcR (248). In 

order to test Syk-deficient DC for their ability to make IL-10 in response to zymosan, I 

generated radiation chimeras with foetal liver cells from Syk KO embryos (187). Syk is 

embryonic lethal in homozygous embryos, which can be identified at day 16.5 by a 
haemorrhaging phenotype. Edina Schweighoffer from Victor Tybulewicz's laboratory 

provided foetal liver cells from such embryos. Donor-derived splenocytes from 

homozygous Syk-deficient chimeras had a severe B cell deficiency, compared to Syk- 

sufficient chimeras (figure 6.5A), confirming the absence of Syk, which is required for 

BCR signalling and B cell development.
Although Langerhans cells and DC from Syk-deficient foetal liver cells have been 

shown to develop normally (248), I stained these DC for CD8a and CD4 to check that all 

three CDllc*’"®’’* DC subsets were present. In control chimeras, the frequency of CD8a^

DC was lower than expected for normal spleen (figure 6.5A) which is expected following 
reconstitution of radiation chimeras (data not shown). In the Syk-deficient chimeras, the 

frequency of CD8a"  ̂DC was consistently double the frequency seen with control 

chimeras (figure 6.5A). The possibility that Syk is involved in some way in the 
development or differentiation of DC subsets might be worth further investigation. 
However, for the purposes of the current study, this difference is more important in the 
context of cytokine production. Since all three CDllc*’"®̂‘ DC subsets in spleen respond 

to zymosan and produce IL-10, this difference in subset proportion should not 

significantly affect IL-10 induction in response to zymosan.
I sorted CD45.1" donor-derived CDllc^ DC from these chimeras, stimulated them 

with zymosan or CpG DNA plus CD40L, and measured IL-12 and IL-10 production. Syk 

is required for phagocytosis of some particles by macrophages (187,247). Internalisation 
is not required for IL-10 induction from DC (figure 6.4). However, to exclude the 

possibility that Syk-dependent phagocytosis is required simply to allow recognition of 

yeast components in the phagosome, I stimulated DC with zymosan in the presence of 
latrunculin B, which inhibits zymosan internalisation by DC (figure 6.4).

Strikingly, no IL-10 production was detected from Syk-deficient DC when 
stimulated with any dose of zymosan plus CD40L and latrunculin B (figure 6.5B). As 

expected, Syk was not required for activation of DC by CpG DNA, and no reduction in 

IL-12 p70 production was seen in Syk-deficient DC (figure 6.5B and 248). Indeed, low 
levels of IL-12 p70 induced by zymosan were not diminished from Syk-deficient DC. 

Together, these data suggest that Syk is specifically required for induction of IL-10 in DC 

by surface-bound zymosan.
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Figure 6.5: IL-10 production following zymosan stimulation requires Syk
Foetal liver cells from wt or Syk-deficient d16.5 embryos were used to 
reconstitute irradiated CD45.1-expressing B6-SJL recipients.
A) Splenocytes from chimeras were stained as indicated to check B cell 
frequency. Sorted CD45.2+ donor-derived CD11c+ DC were stained for CD4 
and CDBa, as indicated, and analysed by FACS (B) or stimulated with doses 
of CpG or zymosan, plus CD40L(C). Latrunculin B was included to prevent 
internalisation of zymosan. Production of IL-12 p70 and IL-10 in overnight 
supernatants was determined by ELISA. Data are representative of 3 
independent experiments.
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In conclusion, Syk-deficient DC are unable to make IL-10 in response to zymosan 
plus CD40L. This suggests that a receptor for zymosan signals via ITAMs and Syk for 

DC activation and IL-10 production.

6.4 Discussion__________________________________________

Data presented here and a considerable amount of published work suggest that 

DC activation occurs following direct recognition of microbial components via innate 
receptors. Further, triggering different innate receptors induces distinct forms of 

activation that result in production of different cytokines from DC. 1 will consider in 

more detail the implications of these two important concepts in chapter 9.1 will discuss 
here various practical and experimental issues about recognition of microbes by DC that 

arise from my data.

6.4.1 Role of TLR in DC activation by microbes

Role of MyDSS in IL-12 induction by DC

1 found that IL-12 p70 production from microbially activated DC with CD40L 
amplification was totally dependent on MyDSS (figure 6.1B). This suggests two points. 
Firstly, as expected, direct activation of DC by TLR via MyDSS is required for IL-12 
production in response to CD40L. Secondly, all agents tested that induce IL-12 
production require TLR triggering. This might suggest that MyDSS-dependent microbial 
activation generally induces IL-12 production from DC. Although lL-1 can enhance IL-12 
production from human DC (249), indirect activation via IL-IR (via MyDSS) is probably 

not required for IL-12 production by DC, since CpG acts directly on TLR9 (31). 1 will 
discuss in more depth whether MyDSS is generally associated with IL-12 production and 

Thl responses in chapter 9.

Interestingly, STAg induced IL-12 p70 production from DC in vitro was 
completely abrogated by removal of MyDSS (figure 6.1B). This is in contrast to the 

partial reduction in IL-12 p70 production from mice challenged with STAg in vivo (250). 
This discrepancy might suggest that a non-DC source of IL-12 p70 is capable of 

responding to STAg independently of MyDSS, perhaps via CCR5 (250). More detailed 

comparison of in vitro vs in vivo induction of IL-12 by STAg is needed to clarify this 
point. The issue is further complicated because STAg represents a complex mix of T. 

gondii products, and this parasite may well have specialised pathways of interfering with 

immune responses in mice.

M. tb recognition by DC

Many different components of mycobacteria have been shown to activate 

macrophages and DC via several TLR. 1 wondered which of these components is present 

in the extract 1 used, tuberculin PPD. This preparation is a standardised (but crude)
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preparation derived from culture supernatant of virulent strains of M. tuberculosis (190), 
and although it is supposed to consist of precipitated proteins, electrophoresis 
demonstrated the presence of some nucleic acid (data not shown). Further, preliminary 

experiments suggested that treatment with DNAse could reduce the ability of tuberculin 
PPD to induce IL-12 production from DC (data not shown), perhaps suggesting an effect 

of immunostimulatory mycobacterial DNA (251).

However, since tuberculin PPD failed to induce IL-12 from TLR2-deficient DC, 

the principal IL-12 inducing component(s) in this extract must act on this receptor. It is 

worth noting that the levels of IL-12 induced by PPD were always lower than those 

obtained from CpG oligo- or STAg- stimulated DC, thus the reduction in IL-12 

production seen with knockout DC is less impressive than the reduction in IL-12 

production induced by CpG DNA seen with MyD88-ko DC. However, TLR2- or MyD88- 
deficient DC consistently showed a significant reduction in IL-12 production in several 

independent experiments. In conclusion, tuberculin PPD contains predominantly 

mycobacterial component(s) that trigger IL-12 production from DC via TLR2 and 
MyD88.

Others have attempted to dissect which components of M. tuberculosis are 
recognised by DC, and by which receptors these agents act. Overexpression experiments 
indicated that M. tb components such as lipoarrabinomannan (LAM) or mannosylated 
phosphatidylinositol (PIM) trigger TLR2 (252,253). TLR2 can heterodimerise with TLRl 

or TLR6 (26) and different lipopeptides are recognised by TLR2/TLR1 dimers than 

TLR2/TLR6 dimers (19,27). A dominant negative TLR6 construct was used to inhibit 
activation of a cell line with various mycobacterial components, suggesting that may be 

involved in TLR2 triggering by these agents (254). It is possible that mycobacterial 

components can also trigger TLR4, since live M. tb bacilli activated cells expressing 
human TLR4 (21), and an extract of BCG cell walls triggered both TLR2 and TLR4 in 

macrophages (22). Finally, recent experiments showed that the CLECT-domain 
containing receptor DC-SIGN is also involved in M. tuberculosis uptake by human DC 

(255).

In conclusion, as well as the IL-12 inducing TLR2- and Myd88- dependent 

activity in tuberculin PPD, several components of mycobacteria have been shown to 

activate TLR2 (possibly in co-operation with TLR6), TLR4 and possibly TLR9. Uptake of 

mycobacteria by DC-SIGN has also been demonstrated. It would be interesting to 

systematically dissect the requirement for different mycobacterial components and 

receptors for immunity to mycobacterium infection.
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6.4.2 Zymosan recognition

Requirement for surface glucan binding

Although glucan-phosphate could potently block zymosan uptake and IL-10 

induction, this inhibition was always incomplete (figure 6.3). This incomplete block 

might reflect the difficulty in inhibiting a polyvalent ligand such as a large zymosan 

particle. However, the residual glucan-independent binding is likely to be real and cell 

type dependent, since CD4^ and CDSa^ DC showed different degrees of dose-dependent 

inhibition of binding, even when measured at different time points (figure 6.3C).
Further, zymosan particles are very complex particles, and have been shown to bind 

many different receptors via different carbohydrate species.
The fact that inhibition of binding correlated well with a block of IL-10 

production is perhaps not surprising. However, it is possible that binding of beta- 

glucans is required simply for the recruitment of another distinct component of zymosan 
to DC. Some TLR function in endosomes, for example early studies showed that 
activation by CpG DNA can be blocked by agents that inhibit endosomal acidification. 

Further, uptake of stimulatory CpG-containing oligos can be competetively inhibited by 
incubation with non-stimulatory oligos, suggesting a non-signalling DNA uptake 

receptor precedes 'recognition' of CpG motifs in an acidified endosome (256). Finally,

TLR9 recruits GFP-tagged MyDSS to co-localise with fluorescent CpG DNA in 
endosomes (257).

It is possible to suggest a similar model for DC activation by yeasts. Thus beta- 
glucan binding and phagocytosis could be followed by activation by a different zymosan 

component and receptor. To exclude this possibility, I blocked phagocytosis of zymosan 

with latrunculin B, and showed IL-10 induction was unaffected (figure 6.4). Thus surface 
binding of zymosan is required for IL-10 induction from DC.

This does not exclude the possibility that a distinct receptor-ligand interaction is 

required for DC activation. In contrast to TLR9, TLR4 stimulation recruits MyDSS to the 
cell membrane and does not require endosomal acidification (257). Similarly, although 

TLR2 is enriched in phagosomes (41), TLR2 does not necessarily require endosomal or 

phagosomal localisation to be triggered. It is entirely possible therefore that in the 

presence of latrunculin B, surface binding via beta-glucans is followed by triggering of a 

different surface receptor for some other component of zymosan.
Why does de-polymerisation of actin with latrunculin B increase IL-10 

production (figure 6.4)? It is possible that an internalisation-dependent pathway of DC 

activation exists that inhibits IL-10 induction. Alternatively, cell-surface receptors bound 
to zymosan particles may deliver prolonged signals when phagocytosis, and subsequent 

ligand dissociation or receptor degradation, is prevented.
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In conclusion, surface binding of zymosan particles via beta-glucans triggers DC 
to produce IL-10. This does not exclude the possibility that other receptors are required 

for IL-10 induction, or that other components of zymosan can be bound by other 

receptors.

Syk-dependent activation

The observation that IL-10 induction by surface zymosan binding is completely 

dependent on Syk raises a number of possibilities. The most interesting interpretation is 

that zymosan triggers a TLR-independent PRR and will be discussed in the next section. 
A number of other possible explanations for the data are discussed here.

Syk may be required for some aspect of DC subset development, differentiation 

or turnover. Although there were differences in the proportion of CDSa^ DC, there are 

three reasons for believing that the defect in IL-10 production was not related to this. 
Firstly, all subsets can make IL-10 in response to zymosan (chapter 5). Secondly, Syk- 

deficient DC made no IL-10 in response to zymosan, even though some cells of each 

subset were present. Finally DC derived with GM-CSF from BM taken from these 
chimeras showed a similar defect in IL-10 production (data not shown).

Syk appears more important than glucan binding (compare figures 6.3 and 6.5), 
suggesting that either blocking of glucan binding with glucan-phosphate is incomplete, 
or more than one receptor signals for IL-10 production via Syk. Thus although it is 

unlikely that a single receptor is responsible for zymosan-induced IL-10 induction, all 
receptors must signal via Syk, since Syk-deficient DC were completely unable to make 

IL-10.
It is interesting to note that FcyR triggering induces rapid production of IL-10 

from BM-derived macrophages, when combined with other stimuli such as CD40- 
triggering or LPS (258). Although IL-10 production from macrophages has not been 

directly shown to depend on Syk, activation of neutrophils, monocytes and DC by FcyR- 

triggering requires Syk (187,247) so it is very likely that FcyR are signalling via ITAMS 

and Syk in these cells. It is therefore crucial to consider if zymosan-induced IL-10 

production in DC could result from FcyR triggering. Indeed, aggregates of an Ig-chimera 

induced IL-10 production from DC (259). However, there are two differences between 

the published effects of this FcyR trigger on DC, and the effects of zymosan 

demonstrated here on DC. Firstly, surface marker upregulation is not induced by FcR 

triggering (260), but zymosan potently induced upregulation of CD40 and CD86 

independently of MyD88 (figure 6.1). Secondly, only CD8a” DC made IL-10 following 

stimulation with this aggregated Ig- fusion (260), whereas zymosan induced production 

of IL-10 from CD8a^ plus CD8a” subsets (figures 5.1,5.3 and 5.4). These differences in



the effects of Fc complex stimulation of DC via FcR and the Syk-dependent activation 

and IL-10 induction of zymosan might suggest that the latter is FcyR independent.

At first sight there is no reason why zymosan would trigger a receptor for Ig, 
since the particle was not deliberately coated with any immunoglobulin. However, all 

these experiments were carried out in the presence of foetal calf serum that contains 

bovine immunoglobulin (though foetal serum should contain minimal IgG). If bovine 
antibodies bound beta-glucans, it is possible that inclusion of glucan-phosphate blocks 

coating of zymosan particles and subsequent uptake and IL-10 induction. It is 

conceivable therefore that zymosan coated with bovine anti-beta-glucan antibodies is a 

potent trigger of FcR on DC, and can induce high levels of Syk-dependent IL-10 

production. To address this possibility, DC deficient for FcR could be tested for IL-10 
induction by zymosan, although it might be difficult to test all FcR. Alternatively, serum- 

free culture conditions could be used to minimise the possibility of immunoglobulin 

contamination; however, it is possible that special serum-free culture conditions would 

be needed to maintain DC viability in the absence of serum.

It is interesting to speculate why FcR might be involved in IL-10 induction by 
zymosan. For example, if natural antibody (discussed in 1.1.2) exists that binds yeast 
beta-glucans was sufficient for DC activation via Syk, this would represent a novel 
innate mechanism of DC activation by microbes. Conversely, if adaptive antibody to 
yeasts is required for this form of DC activation by zymosan, then existing anti-yeast 
immunity would potently influence a response to further fungal infections. Indeed 
production of IL-10, a negative regulator of Thl responses, might even represent a 

negative feedback mechanism.

In conclusion, there is a possibility that FcR are directly or indirectly required for 

IL-10 induction by zymosan; this should be tested. However, it seems more likely that 

one or more receptors that bind glucans and other molecules on zymosan signals for IL- 
10 production via Syk. The biggest remaining question is to identify which receptor(s) or 

pathway(s) require Syk.

A TLR-independent pathway for DC activation

Zymosan contains at least two DC-activating components. Zymosan induced 
some MyD88-dependent IL-12 p40 production from BM-DC while IL-10 induction was 

completely MyD88 and TLR2 independent (figure 6.1 and 6.2). In contrast, IL-10 

induction is completely dependent on Syk suggesting that it is most likely that one or 
more receptors for zymosan (including a glucan receptor) triggers IL-10 production via 

ITAMs and Syk. So what could these receptors be?
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With the growing awareness of the importance of TLR for cellular activation by 
microbial components it has been suggested that transmembrane phagocytic receptors 

such as CLECT domain-containing receptors, that do not appear to signal for activation, 

are not true pattem-recognition receptors. This is particularly true considering the 
original definition of a PRR as an innate receptor that induces co-stimulation on AFC (4). 

Recently two important observations demonstrated that a non-TLR receptor, the glucan 

receptor dectin-1, is clearly capable of directly signalling. Firstly, it is phosphorylated 
following zymosan stimulation (241). Secondly a putative ITAM in the cytoplasmic tail 

of dectin-1 is required for zymosan-induced TNFa (240), and the cytoplasmic tail is also 

required for TLR-independent reactive oxide species production by macrophages (241). 

DC-SIGN probably also signals directly into DC, since binding to DC-SIGN by Man- 
LAM derived from M. tb inhibits human DC activation by LPS (57). It would be 

interesting to test the requirement for Syk in macrophage reactive oxide induction, and 
other forms of TLR-independent activation triggered by CLECT domain-containing 
molecules. It seems likely that there is a family of CLECT domain-containing receptors 

that bind pathogen components and directly signal to DC.

Although I currently have no data to directly implicate dectin-1 in DC activation, 
it is possible that this receptor binds glucans and signals via Syk for IL-10 production 

from DC. Dectin-1 may be a member of a family of C-type lectin-like domain-containing 

receptors for microbes that signal directly into DC.
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Chapter 7: Expression of TLR on DC subsets
A number of groups have identified differences in TLR expression between 

human DC subsets, which result in differential responsiveness of these cells to LPS and 
CpG DNA. I investigated if differences in TLR expression exist between the DC subsets 

found in murine spleen.

7.1 Introduction: Are TLR differentially expressed between 
murine DC subsets?_____________________________________

7.1.1 Expression of TLR on human ARC

If different TLR can recognise such wide range of components of diverse 
pathogens, it is likely that the expression of these molecules in leukocytes might allow 

targeting of appropriate effector mechanisms to different types of infection. Early 
analysis of human TLRl-5 mRNA suggested that though TLRl was expressed widely in 

different peripheral blood leukocytes, TLR2-5 are expressed more selectively (261). 

Indeed, the only cell type expressing all 5 TLR was monocyte-derived DC (mo-DC); 
could this mean that DC have a wide range of PRR in order to recognise many different 
pathogens? Subsequent analysis has revealed several differences in TLR expression 

between subtypes of human DC. The best studied example of this is the dichotomy 
between human plasmacytoid DC and human monocyte-derived DC (39,262-265). TLR9 

expression is restricted to PDC but not MDC. In contrast, MDC but not PDC express 
TLR4. Importantly, TLR expression correlates with responsiveness to different ligands. 
Thus human PDC are activated by CpG DNA but not LPS, and conversely human MDC 

respond strongly to LPS but not CpG DNA.
Other TLR appear differentially expressed in human DC subtypes, with a broad 

split between expression in CDllc^ blood DC or monocyte-derived DC, and blood PDC. 

Generally, PDC express TLR7 and TLR9, and also express low levels of TLRl and TLR6. 

Monocyte-derived DC express TLRl-5 and TLR8, and low levels of TLR6 and TLR7. The 

magnitude of these differences varies between reports. Thus some have described TLR7 
as being only expressed in PDC (263) whereas others have shown expression in 

monocyte-derived DC or CDllc^ DC as well (265,266). One possible reason for this 

discrepancy is that TLR expression may be tightly regulated during DC development 

and activation. Expression of TLRl-5 changes rapidly during the in vitro differentiation 

of monocytes into DC (267). Thus discrepancies in TLR expression may reflect different 

protocols used to generate monocyte-derived DC.
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In conclusion, functionally significant differences in TLR4 and TLR9 expression 
have been identified between human PDC and monocyte-derived DC, Other TLR are 

expressed at varying levels on a wide variety of DC types.

7.1.2 Expression of TLR on murine DC

I concluded earlier that DC exhibit great flexibility in their response to microbes, 

and that individual DC subsets have the ability to tell microbes apart (chapters 4&5). 
Further, I showed that different PRR lead to production of different cytokines from DC 

(chapter 6). So if DC subsets can distinguish microbes anyway, why would some DC not 
express a given PRR?

What is the evidence that different subsets can all respond to the same microbial 

stimuli? DC from all three CDllc^"^^* splenic subsets can each respond to zymosan or 

tuberculin PPD (figure 5.3A). However, it is likely that these particular extracts contain 

multiple PAMPS; zymosan induces TLR-independent IL-10 production via beta-glucans 
but also contains TLR2 trigger(s). Tuberculin PPD contains TLR2 triggers but may also 
contain CpG-containing DNA (see chapter 6). On the other hand, glucan-phosphate 

inhibited zymosan-induced IL-10 production from both CD8a^ and CD4^ DC, suggesting 

these DC types do respond to the same microbial pattern in zymosan (figure 6.3).

Some differences between murine spleen DC subsets in responsiveness to other 

microbial agents have been described. For example, CD8a^ DC preferentially make IL-12 

in response to STAg (96). This may, however, reflect differences in CCR5 triggering 
rather than differential PRR expression (236). In conclusion, although individual DC 
types display considerable flexibility in their response to microbes, it is still possible that 

some PRR are selectively expressed in mouse DC subsets.
Given the differences between human DC subsets, both in TLR expression and 

ability to respond to TLR triggers, it is interesting to consider if similar differences exist 
in the mouse. Analysis of the promoter sequences of human and mouse TLR identified 

major differences that suggest differences in expression may exist between these species 

(268). In addition, it is difficult to compare human and mouse DC subsets directly, 
because of the inevitable differences in experimental material available from these 

species. In one study where DC were isolated from mouse blood, >30 mice were needed 

to obtain 5000-20000 cells (269). Mouse spleen DC have been classified into four major 
subsets, all of which are abundant enough for experiments, but the relationship of these 

cells to human blood DC subsets is not clear.

For these reasons 1 decided to look for differences in expression of TLR between 

murine spleen DC subsets. 1 measured mRNA levels for murine TLRl-9, in order to 

determine expression levels in three CDllc'^"^^'^ spleen subsets. 1 worked closely with 

Sandra Diebold, who also measured TLR expression in sorted spleen PDC.
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7.2 Expression of TLR in mouse DC subsets_________________

7.2.1 TLR3, TLR5 and TLR7 are differentially expressed in spleen DC 

subsets

I used semi-quantitative reverse-transcriptase (RT) PCR to screen for TLR that 

had different expression between three sorted DC subsets. I then used

quantitative real-time RT-PCR to measure mRNA levels more accurately. My analysis 

was then repeated by Sandra Diebold who developed a technique for sorting spleen 

PDC plus three CD llc'’"̂ *̂  ̂subsets, in order to compare all four spleen DC subsets.

To ensure that the amount of product seen reflects the amount of template in that 
sample, semi-quantitative PCR with limited number of amplification cycles was used. 

cDNA samples were diluted to contain similar levels of P-actin message, and then tested 

for TLR expression. TLR3 message was selectively detected in CD8a^ DC, suggesting 

TLR3 may be expressed at higher levels in CD8a^ DC than other DC (figure 7.1 A). In 

contrast, TLR5, TLR7 and TLR9 were selectively detected in CD4^ DC (figure 7.1 A), 

suggesting the opposite expression pattern. TLRl and TLR2 message was detected in all 
three subsets, and low levels of TLR4, TLR6 and TLR8 were detected in at least one 
sample of each subset, suggesting wider expression of these genes across these three cell 
types (figure 7.1 A and data not shown).

It is clear from the PCR products shown that quantitation using this technique is 

somewhat subjective. In order to accurately measure expression of TLR3, TLR5, TLR7 
and TLR9,1 developed real-time PCR primers. To calculate relative abundance for each 

sample, amplification curves for these TLR genes were compared with curves using 

serially diluted cDNA templates. These relative abundance levels were normalised to a 
similar quantitation of GAPDH in the same samples, to obtain relative expression levels.

Expression levels for TLR3, TLR5, TLR7 and TLR9 in CDllc^"^^^ DC subsets is 

shown in figure 7.IB. Interestingly, a relatively small difference in TLR9 expression was 

seen in this quantitative analysis, compared to the differences seen by semi-quantitative 

PCR. However, very large differences in TLR3, TLR5 and TLR7 mRNA levels were seen 
between the subsets, confirming the pattern seen with semi-quantitative PCR. For 

example, TLR3 is expressed at more that 10-fold higher levels in CD8a^ DC than CD4^ 

DC. TLR5 and TLR7 show a complementary expression pattern, being absent in CD8a^ 

DC relative to CD4^DC. DN DC show intermediate expression levels.
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Figure 7.1 : Differential expression of TLR3, TLR5 and TLR7 in DC subsets
CDIIc^rightDC were sorted into three subsets according to staining for CD4 
and CD8a, and levels of TLR mRNA were assessed by RT-PCR 
A Semi-quantitative PCR was used to screen for differences in TLR 
expression. In this PCR, three samples of cDNA from CD4+ DC, two from 
CD8a+ DC and one from DN DC were used; similar results were seen in a 
repeat with different cDNA samples.
B Real-time PCR was used to precisely quantitate differences in expression 
of TLR3, TLR5, TLR7 and TLRQ.mRNA levels are expressed in arbitrary 
levels, calculated relative to GAPDH. Levels seen here are representative of 
two independent real-time PCRs on different sorted cDNA samples.
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My analysis of TLR expression in three DC subsets preceded the

identification of a fourth subset of DC in spleen. Plasmacytoid DC (PDC) are CDllc^^"", 

and also express Ly6c and B220. These are the natural interferon producing cells', 
thought to be equivalent to plasmacytoid cells found in human blood (169,182-184). In 

order to compare TLR expression in PDC with CDllc^"^^*^ EXT, Sandra Diebold carried 

out semi-quantitative and real-time quantitative RT-PCR; details of her results can be 

found in reference 270. She sorted all four subsets of spleen DC and measured 

expression of TLRl-9 from these cells by semi-quantitative PCR. She also measured 
expression of TLR3, TLR5, TLR7 and TLR9 in these cells by real-time PCR.

Generally, spleen PDC expressed similar levels of TLR to CD4^ DC and DN DC. 

No large differences in expression between all four subsets were seen for TLRl, TLR2, 

TLR4, TLR6, TLR8 or TLR9 (270). TLR3 was expressed at higher levels in CD8a^ DC, 

whereas TLR5 and TLR7 were expressed at higher levels in CD4^, DN DC and PDC 

(270). These data confirmed my findings with CDllc^"^^* DC, and suggested that PDC 

express similar levels of TLRs to CD4^ and DN DC (270).

Together, these data present three major observations. Firstly many TLR are 

expressed in a wide range of murine spleen DC subsets. Secondly, differences in murine 

TLR expression exist between the CD8a^ CDllc^”®̂  ̂subset and the two CD8a” 

CDllc^"^^^ subsets or spleen PDC. Finally, mouse TLR3, TLR5 and TLR7 are 

differentially expressed between spleen DC subsets.

7.2.2 Lack of TLR7 expression in CD8a* DC correlates with the 

unresponsiveness of this subset to stimulation with R-848

One implication of differential expression of PRR in DC subsets is that these cells 

might have different ability to respond to PAMPs. I tested the functional consequence of 

differential TLR expression by stimulating these cells with agents that signal through 

these molecules.

In order to study the responsiveness of DC subsets to TLR stimulation, it is 

crucial to use stimuli that only act on one TLR. Many agents extracted from microbes 
contain contaminants that can trigger other TLR; even LPS preparations tend to contain 

lipopeptides that trigger TLR2 (271). For this reason synthetic TLR-dependent stimuli are 

better suited to such studies than agents derived from microbes. Since TLR9 knockout 
mice are totally unresponsive to CpG oligonucleotides (31), we can be confident that 

only this one receptor is triggered by this agent. Similarly, the imidazoquinoline R-848 is 

synthesised as a clinical grade pharmaceutical, and TLR7 is required for activation of
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mouse DC by this agent (28). Therefore I decided to measure the response of DC subsets 

to TLR7 and TLR9 stimulation, using R-848 and CpG-containing oligonucleotides.

Although production of IL-12 p70 is very tightly regulated in DC, IL-12 p40 is 
made by DC stimulated with a wide range of TLR triggers. Thus I chose to use IL-12 p40 

production as a measure of activation. To confirm the dependence of activation by R-848 

and CpG on TLR signalling via MyD-88, CDllc-enriched and LybC-enriched 
preparations from B6 or MyD88 ko mice were stimulated, and IL-12 p40 production 

measured by intracellular staining. As expected, no IL-12 p40 staining was seen on 

MyD88 ko cells, when stimulated with either of these agents (figure 7.2). IL-12 p40^ cells 

in the CpG- or R-848-stimulated LybC-enriched cultures appeared to be Ly6C^"^^\ 

suggesting that the activated cells in these cultures represent PDC (figure 7.2). 

Interestingly, although both CD8a^ and CD8a“ DC stained for IL-12 p40 following 

stimulation with CpG DNA, no CD8a^ DC stained for IL-12 p40 following R-848 

stimulation (figure 7.2). This staining hinted that only CD8a“ and PDC can make IL-12 

p40 in response to R-848.
Comparing activation seen with a single dose of a stimulus can exaggerate small 

differences in responsiveness, and does not allow measurement of differences in 

sensitivity of these cell types. Further, the stimulation of mixtures of cells allows cross
regulation of different cell types and does not necessarily reflect direct activation of each 
cell type by the stimulus. Therefore, in order to measure the sensitivity of subsets to CpG 

DNA and R-848 stimulation, I sorted PDC plus CD8a^ and CD8a~ CDllc^"^^* DC 

populations, stimulated them with dose-responses of stimuli and measured IL-12 p40 

secretion. All three populations made IL-12 p40 in response to CpG DNA (figure 7.3A). 
Although the PDC appeared less sensitive, and failed to respond to doses of CpG that 

activated both CD8a^ and CD8a“ DC, they did made higher levels of IL-12 p40 when 

stimulated with high doses. R-848 also induced IL-12 p40 production from PDC and 

CD8a“ DC (figure 7.3A). In contrast, CD8a^ DC failed to make any IL-12 p40 in response 

to any dose of R-848 (figure 7.3A). Thus CD8a^ DC are unable to make IL-12 p40 in 

response to R-848.
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It is possible CD8a^ DC do respond to R-848 but cannot make IL-12 p40 when 

stimulated by this agent. In order to confirm that CD8a^ DC are unable to respond to R- 

848 stimulation, I measured two other parameters of activation: activation-induced 

protection from apoptosis; and upregulation of surface CD40. CD8a^ DC are susceptible 

to rapid death in culture following sorting, and this is reversed either by provision of 

cytokines such as GM-CSF or by stimulation via TLR. CpG DNA rescued CD8a^ DC 

from death, but R-848 was unable to provide this survival signal (figure 7.3B). Finally, 

CD40 upregulation on sorted DC was measured. Both sorted CD8a^ and CD8a“ DC 

upregulated CD40 to high levels when CpG was added (figure 7.3C). In contrast, only 

CD8a~ DC upregulated CD40 when R-848 was added to cultures, whereas CD8a^ DC 

were unable to respond (figure 7.3C).

In conclusion, CD8a'*’ DC are unable to respond to R-848 as measured by IL-12 

p40 production, increased survival in culture or upregulation of surface markers. This 

suggests that low levels of TLR7 expression in CD8a^ DC results in selective 

unresponsiveness of these cells to the imidazoquinoline R-848.

7.3 Discussion__________________________________________

1 showed that some PRR are expressed by all 4 spleen DC subsets tested, whereas 

others show restricted expression. Specifically, TLR3 is expressed at high levels in CD8a^ 

DC, relative to CD8a~ and PDC subsets. In contrast, TLR5 and TLR7 expression is 

restricted to CD8a“ and PDC. TLR7 expression correlates with responsiveness to a TLR7 

trigger, since CD8a"  ̂DC are unable to respond to the imidazoquinoline R-848.1 will 

discuss some practical limitations of mRNA analysis and measuring responsiveness 

using sorted cells. 1 will then discuss the implications of restricted PRR expression on the 

function of different DC types in immunity.

7.3.1 Some TLR are selectively expressed on murine DC subsets

A lack of antibodies that stain mouse TLR at the time of this study prevented 

confirmation of expression of these genes at the protein level. However, even if 
differences in protein levels do exist, it is conceivable that lower receptor levels would 

not result in reduced responsiveness to ligands. Thus a functional test for responsiveness 

to TLR triggers is the best way to ascertain the importance of any difference in TLR 

expression found.
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GM-CSF-containing cultures in (B) were analysed for CD40 expression. Both CD8a+ 
and CD8a~ DC upregulated CD40 in response to CpG, but R-848 only activated 
CD8a" DC. Data are representative of 4 dose responses (A) or 2 experiments (B 
and C).
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I demonstrated that low expression levels of TLR7 in CDSa'*’ spleen DC relative 

to CD8a~ and PDC subsets correlated with unresponsiveness of CD8a^ DC to 

stimulation by the synthetic TLR7 trigger R-848 (figure 7.1-7.3). However, it is more 
difficult to test the significance of differential expression of TLR3 and TLR5. TLR5 is 

activated by flagellin, which has to be purified from bacteria, with the risk of lipopeptide 
contamination. Although a role for TLR3 in signalling by polyliC has been demonstrated 

(23), a TLR3-independent pathway of DC activation by polyLC also exists (193).

It is important to point out that although all subsets responded to CpG- 
containing oligonucleotides, TLR9 was not expressed at equal levels. In fact, early semi- 

quantitative PCR suggested TLR9 and TLR7 had similar expression patterns, and were 

both absent from CD8a^ DC (figure 7.1A). Quantitative real-time PCR confirmed these 

differences, and CD4^ DC have 3-4x more TLR9 mRNA than CD8a^ DC (relative to 

GAPDH mRNA). Further, Sandra Diebold showed that PDC have even higher levels of 

TLR9 than CD4^ DC. In contrast, PDC require a 5-10-fold higher dose of CpG to induce 

IL-12 p40 production (figure 7.3A). The ability of all DC subsets to respond to CpG in 
spite of differences in TLR9 levels was confirmed independently (272). Thus differences 
in mRNA levels do not always correlate with sensitivity of these cells to stimulation.
This reiterates the dangers of drawing functional conclusions from differences in mRNA.

Since I only measured relative mRNA levels between different DC sub-types, it is 
possible that some of these TLR are expressed at low levels in DC relative to other cell 
types. For example, BM-DC express much higher levels of TLR4 than splenic DC, raising 

the possibility that spleen DC cannot respond to LPS (272). The fact that splenic DC 
subsets do not make IL-12 p70 in response to LPS (272) does not mean that splenic DC 

cannot respond to LPS, as IL-12 p70 production is tightly regulated, and DC can be 

activated without IL-12 p70 production (figure 4.1-4.3 and 96). CD40 and CD86 
upregulation was potently enhanced by addition of LPS to CDllc-enriched cultures in a 

manner dependent on TLR4 expression (figure 4.2). However, it is conceivable that cells 

other than CDllc^"^^^ DC in these cultures respond to LPS, and release factors that 

induce DC activation. In order to test whether splenic DC subsets can respond directly to 

LPS, in spite of low TLR4 levels, activation should be measured on purified DC subsets.

Although selective TLR7 expression correlates well with responsiveness to R-848, 

many other TLR appear to be expressed in all subsets. In addition, care must be taken 
when interpreting differences in mRNA expression. Thus, in spite of over 3-foId 

differences in expression of TLR9, sensitivity to CpG stimulation does not correlate with 
receptor expression. In conclusion, the ability of DC subsets to be activated by more TLR 

triggers must be tested in order to establish a broad understanding of the importance of 

these patterns of TLR expression.
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7.3.2 Implications of differentiai TLR expression on DC subsets

It has been suggested on the basis of TLR expression patterns that some DC 

subsets are specialised to respond to certain pathogens (264). This suggestion raises 

difficult questions about the role of different DC populations in immunity to infection, 
many of which are currently unanswerable, for a number of reasons.

At first sight there is a dramatic difference between human and mouse, in that 

TLR expression is split in the human between PDC and CDllc^ DC, whereas in the 

mouse there is a split between CD8a^ CDllc*^"^^^ and CD8a~ plus PDC. Further, 

different genes are differentially expressed. In mouse only TLR3, TLR5 and TLR7 are 

differentially expressed, and all subsets express TLR9 and respond to CpG. In contrast, 
human PDC only express TLR7 and TLR9, plus low levels of TLRl and TLR6, but other 

DC do not express TLR9 or respond to CpG. It is important to point out that these are 

different cell types anyway. As mentioned, it is difficult to study equivalent cells because 
of the differences in tissues available for study. Even if we assumed that mouse spleen 

and human blood PDC are directly equivalent, it is difficult to understand the 
significance of these differences without knowing more about the roles of these cell types 
in infection.

After going to the trouble of selecting synthetic stimuli to trigger individual TLR, 
it is important to remember that most microbes probably contain more than one TLR 
trigger. One explanation for why TLR4 and TLR9 show restricted expression in 

monocyte-derived DC and PDC respectively, is that this reflects an evolutionary 
specialisation of these DC subsets to respond to particular microbial components (264).

But if both LPS and CpG-containing DNA are present in most gram" bacteria, all DC 

types should be activated by whole bacteria anyhow. It is even more difficult to 

speculate about the relevance of differential TLR7 expression in mouse DC, since we do 

not yet know what infectious agents trigger this molecule.
It is also crucial to ask what the relevance of selective TLR expression on a subset 

of DC is when DC can be activated indirectly via inflammatory cytokines such as TNF or 
lL-1, produced by many cell types. Part of the answer to this question may come from 

studies of the effects on DC of direct vs indirect stimulation. For example, IFN-P can 

inhibit IL-12 production (273), whereas IL-lp can enhance lL-12 production from human 

DC (249). In my experiments, CD8a^ DC do not make lL-12 p40 even when cultured 

together with R-848-responsive CD8a“ DC (figure 7.2). 1 did not confirm that CD8a^ DC 

were indirectly activated in these cultures. However, a study of TLR7 triggering in vivo 

suggests that CD8a^ DC are activated, judged by surface marker upregulation 

(presumably via production of inflammatory cytokines by TLR7-expressing cells) but do
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not make IL-12 p40 (274). Thus it is clear that direct TLR stimulation and indirect 
activation have markedly different effects on DC activation. Although indirect activation 

of LXZ can occur, selective expression of TLR in some DC may therefore still have 

important consequences for immunity.

Even if we assumed that selective expression of TLR did result in selective 

activation of DC subsets in response to specific pathogens, we currently lack the 
experimental tools to address the critical question of what the function of different DC 

types is in vivo in an immune response. Transfer experiments (232,275) suffer from three 
problems: isolation procedures can dramatically affect DC function (276); injected DC 

may not home normally (277); and injected DC may be taken up and antigen presented 

by endogenous DC of a different type (277). Further, transfer experiments cannot really 
address the most critical question of what DC subtypes are required for protective 

immunity to infection.

In conclusion, several TLR show functionally significant selective expression in 

some DC subsets. However, without a better understanding of the effects of direct vs 
indirect activation of DC, and an understanding of what the importance of different DC 
subsets is for immunity, it is not clear what these differences mean.
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Chapter 8: Microarray analysis of gene expression in DC 
subsets

Accumulating evidence suggests there are several phenotypic^ developmental 

and functional differences between murine spleen DC subsets. In order to

explore these differences further, I carried out a collaborative analysis of gene expression 

levels in sorted DC subsets using oligonucleotide microarrays.

8.1 Introduction_________________________________________

In chapter 4 1 suggested that many published differences between murine 

CDllc^"^^* DC subsets could be overridden by microbial cues. It is therefore worthwhile 

to ask if there are any significant differences between these cells after all. Thus, I will 

review some developmental, phenotypic and functional differences between murine 

CDllc^"^^‘ DC subsets.

Firstly, it is worth reviewing the evidence that these subsets are not simply 
different differentiation stages of the same cell type. Although there are common DC 

precursors that can reconstitute all three CDl subsets (173,176), CD8a^ and CD4^

DC are clearly distinct developmentally. Several studies have identified transcription- 

factor knockout mice that lack either CD8a~ DC (RelB; 164) or CD8a^ DC (ICSBP165 and 

Id2 167). Also, study of DC turnover kinetics in radiation chimeras suggests that CD8a^, 

CD4^ and DN DC develop equally rapidly (162). Thus it is likely that these subsets 

represent developmentally distinct cells.

As well as CD8a, CDl lb  and CD4 (158,160,161), a number of phenotypic 

markers have been identified that are selectively expressed on these cells. An early study 

of DC in spleen suggested that CD205 (DEC-205, NLDC-145 antigen) and CD24a (Heat- 

stable antigen) are heterogeneously expressed; indeed both are selectively expressed in 

CD8a^ DC (159,278). More recently, CD36, CD l03 (Integrin a-E) and Langerin were 

shown to be expressed on CD8a^ DC (279-281). Although no novel surface markers for 

CD4^ or DN DC have been identified, a CCR6-EGFP knockin was used to demonstrate 

selective CCR6 expression in CD8a" DC (282). Thus CD4 and CD8a are not unique 

markers, and several other genes are also expressed at different levels on these cell types.
Developmental and phenotypic differences are only of academic interest if these 

cells are functionally equivalent. Although a number of functions have been attributed to 

different DC subsets, the least controversial concern cytokine production and uptake of 
dying cells. As I discussed in chapter 5, both quantitative and qualitative differences in 

cytokine production have been identified. Although all three subset appear able to make
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IL-10, it appears that IL-12 p70 production is restricted, as no studies have found 
production of this cytokine from CD4+ DC (figure 5.1-5.3 and 235).

Another property of DC that has been extensively studied is their ability to 

present exogenous antigen, for example derived from dying cells, on MHC class 1 
molecules. This process, termed cross-presentation, is thought to be important for the 

generation of immunity or tolerance to antigens that are not expressed in DC (reviewed 

in 283). Strikingly, the only cells able to present cell-associated antigen on MHC class 1, 

are CDSa^ DC (284). This is not due to a selective ability to present any exogenous 

antigen on MHC class 1, since CD8a“ DC are able to cross-present soluble, bacterial- 

associated or Fc-complexed antigen (285,286). Instead, CD8a^ DC have a selective 

ability to take up dying cells (287,288).

Finally, 1 demonstrated in chapter 6 that expression of TLR3, TLR5 and TLR7 

differs between the CD8a^ subset and other DC (figure 7.1). Crucially, lack of TLR7 

expression by CD8a^ DC correlated with an inability of these cells to respond to R-848 

(figure 7.2 & 7.3). Thus murine DC subsets, like human DC subsets, do have some 
differences in expression of TLR, and the selective expression of TLR7 has functional 

consequences for the ability of CD8a^ DC to become activated.

1 would conclude that in spite of the flexibility of each of these subsets in their 

response to microbes, CD8a and CD4 staining does define distinct subsets. On this basis 

we decided it was worth looking for further differences in gene expression between 

these cell types using oligonucleotide microarrays.

8.2 Oligonucleotide microarray analysis of gene expression in 
DC subsets_____________________________________________

In collaboration with Damien Chaussabel and Alan Sher in the NIH, we used 

Affymetrix GeneChips to measure gene expression in the three CDllc*^”^̂  ̂murine 

spleen DC subsets defined by CD8a and CD4 expression (Although when these 

experiments were started, murine plasmacytoid DC had not been identified, comparison 

of gene expression in these cells could prove fascinating). We generated data measuring 
expression levels of over 9,500 genes in three DC subsets. 1 analysed these data to 

estimate how reliable our measurements were, by comparing data from the two repeats 
to estimate reproducibility and confirming expected expression of known genes. 1 then 

compared gene expression between subsets and compiled lists of putative differentially 

expressed genes. 1 tested expression of selected surface antigens chosen from these lists 

by staining fresh DC. Finally, 1 used information on gene functions in the gene ontology 

consortium database to estimate the function of differentially expressed genes.
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8.2.1 Microarray data are reproducible and show expected expression of 
marker genes

I will briefly describe the process used to generate microarray gene expression 

data. I sorted three subsets to high purity from the spleens of 15-25 C57BL/6

mice, then lysed and froze cells in RNA extraction buffer. Samples from three separate 
sorts (repeat 1) or a further two sorts (repeat 2) were sent to Damien Chaussabel, who 

isolated RNA then pooled, amplified and labelled it. The two repeat experiments used 

RNA derived from a total of 76 mice. Labelled cRNA samples were hybridised to 
Affymetrix GeneChip^'^ U74Av2 microarrays, which were scanned and images analysed 

to generate AvDiff values that reflect mRNA abundance (289). These arrays contain 

12,488 oligonucleotide probe sets, which cover approximately 9,700 distinct EST 
clusters^. We were then sent this expression data for our analysis.

To estimate reproducibility between repeat measurements, I plotted AvDiff 
values for repeat 1 vs repeat 2 for every probe set (figure 8.1). Variation between repeats 

is represented by spread from a line with a gradient of 1. AvDiff values <50 are below 

the threshold of detectable signal, and values in this range showed greatest variation 
(figure 8.1, grey crosses). In order to obtain an estimate of variation between repeats, I 

calculated the percentage of data points that varied by more than 2.5-fold between the 

two repeats for all probes with AvDiff values >50. Less than 1% variation between 

repeats was seen for each of the two CD8a" DC subsets suggesting remarkably consistent 

measurement. In contrast, almost 4% of the data points for the CD8a^ subset varied in 

expression by more than 2.5-fold between the two experiments (figure 8.1).
I compiled the AvDiff values of selected marker genes expected to be present or 

absent in DC subsets. All subsets expressed mRNA for C D llc and I-A*’ after isolation but 

expressed only low levels of message for the B cell marker CD19, or T cell markers such 

as CD90 or components of the TCR signalling machinery (table 8.1). CD4, CD8a and 

CD205 were all expressed by the appropriate populations (table 8.1).

’ It is likely that not all sequences annotated as EST clusters represent single genes, 
however I will refer to them all as genes for convenience.
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TABLE 8.1 Expected distribution of marker genes

CD4^ DC CD8a^ DC DN DC

CD11C 2948 1952 2503

H2-I-Ab 5925 6760 6257

CD4 615 75 80

CDSa <50 1443 <50

CD205 63 475 <50

CD19 86 150 96

CD90 <50 <50 <50

TC R (Y ,5,e,Q <50 <50 <50

Expression values represent the mean AvDiff from two repeats of selected genes

8.2 .2  Identification of differentiaily expressed surface markers by foid- 
change anaiysis of microarray data

I will describe briefly the analysis used to generate putative lists of differentially 
expressed genes. Inspection of these lists identified a number of genes previously shown 
to be selectively expressed on these subsets. In addition to known differentially 

expressed genes, I selected some surface antigens, and tested expression of these genes 
by staining fresh DC.

I used a simple fold-change analysis to identify genes expressed at different 
levels in each DC subset relative to each of the other two subsets. After testing a number 

of fold-change thresholds, a cutoff of 2.5-fold was chosen. Affymetrix oligonucleotide 
microarray AvDiff values have been shown to underestimate fold-change differences in 

mRNA levels (290). Thus although a 2.5-fold difference may not sound significant, it 

may reflect a much greater difference in mRNA abundance.
Most noise was seen at lower AvDiff values (figure 8.1), however some genes 

were undetectable in one subset but present in others (e.g. CDSa, Unigene Mm.l858; 

table 8.3). To avoid selecting large numbers of probe-sets with low values, which are 

highly variable, an >50 AvDiff cutoff was used. For a probe-set to be considered as 

differentially expressed in subset A compared with subset B, the measured expression 
level had to be 1) >2.5-fold higher in subset A than subset B; and 2) >50 for subset A. 

Data from the two repeats were analysed independently, and only probe-sets found to 

be different in both repeats were considered to be differentially expressed. To identify 
the genes represented by these array probe-sets. Unigene accession numbers were 

obtained from an Affymetrix database. For many genes, multiple probe-sets exist on the
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array, and a gene was considered differentially expressed if at least one probe-set for that 
gene met the above criteria.

Having generated lists of putative differentially expressed genes, I compared the 

size of these lists. Over a hundred genes were classed as differentially expressed when 

either DN or CD4^ DC were compared with CD8a^ DC (table 8.2). In contrast, few 

differentially expressed genes were identified when comparing CD4^ and DN DC. 

Indeed, the CD4 gene, encoding the antigen used to sort these cells, represents 1 of the 15 

genes expressed at higher levels in CD4^ relative to DN DC, and by inspection shows 

high differences in expression, relative to other genes in this list (table 8.3). This might 

imply that the CD4^ and DN subset are relatively similar cell types, whereas CD8a^ DC 

represent a more distinct lineage.

Manual inspection of the lists generated by this analysis revealed the expected 

distribution of marker genes (Table 8.3). Thus, CD8a (Unigene Mm.1858), CD205 

(Mm.2074), ICSBP (Mm.3182), CD24a (Mm.6417) and CD l03 (Mm.96) were all found 

within the list of genes expressed at >2.5-fold greater levels in CD8a^ DC than in CD4^ 

or CD8a+>DN. Conversely, CD4 (Mm.2209), RelB (Mm.l741) and CCR6 (Mm.8007) all 

appeared among the genes expressed at >2.5-fold greater levels in CD4^ than in CD8a^ 

DC; the latter two genes were also found on the list of genes expressed preferentially in 

DN DC over CD8a^ DC (Table 8.3). Note that ICSBP appears as a differentially- 

expressed transcript in both the CD8a>DN and the DN>CD4 lists. This is because this 

gene has over 2.5-fold higher expression in CD8_^ DC than in DN DC, but also has over 

2.5-fold higher expression in DN DC than CD4^ DC (Table 8.3). Thus, differentially- 

expressed genes do not necessarily represent unique markers for a given population.

Table 8.2: Differentially expressed genes identified by fold-change expression 

analysis

List Number of genes

CD4^>CD8a^ 134

CD8a^>CD4+ 126

CD8a+>DN 108

DN>CD8a+ 115

D N>CD^ 23

CD4%DN 15

Genes with greater than 2.5-fold differences in AvDiff were identified for each pair of DC  

subsets and the number of genes found is listed.
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Table 8.3: Genes expressed at
CD4+>CD8a+

U nigene ID Short name^*’̂  CD4* 

Mm. 1715 Ltb
Cd7 

H2-DMb2 
Ccnd1 
Dtx1 
EST 

S100a6 
App

>2.5-fold AvDiff in one subset vs. another, as indicated
CD8a+ > CD4+

U nigene ID

Mm.4100 
Mm. 195060 
Mm.22288 
Mm.1645 

Mm.200627 
Mm. 100144 
Mm. 15571 
Mm.1741 
Mm. 1853 
Mm.1682 

Mm.27061

Mm.25613 
Mm.24058 
Mm. 1282 
Mm.8308 
Mm.3925 

Mm. 19963 
Mm.1338 

Mm.182914 
Mm.9653 
Mm. 1293 
Mm.2121 

Mm.29994 
Mm. 197523 

Mm.6680 
IWm 206250 
Mm. 10081 
Mm.46354 
Mm.42124 
Mm.2436 

Mm.88200 
Mm.21697 
Mm.5290 
Mm.5021 
Mm.2055 
Mm.3388 

Mm. 117294 
Mm.8007 
Mm.2209 
Mm.3865 

Mm.175661 
IWm.200362 

Mm.4677 
Mm. 1708 
Mm.2254 
Mm.3484 

Mm.29742 
Mm.3085 

Mm.30060 
Mm. 10729 
Mm.4715 

Mm.46382 
Mm.2l420 
Mm.24385

Relb
Galgtl
Ptpnsi

EST

Ier3 
EST 
Ccl3 
Pfc 

S 10034 
EST
Fgr
EST

Gadd45g
Tnf
EST
Eno3

Bach-pend
Catnd2

EST
EST
Acp5
Slfn2

Bhlhb2
CD72
EST
EST
Ddri

Mmp12
ESTs

Mania
Cmkbr6

Cd4
Rnpci
EST
Cybb
Irf4

Cd22
Emrl
Npci

Pa26-pend
EST
EST
Ncf2
Ptpro
EST

Slc2a3
EST

4618

2840
2768
2456
2199
2074
1851
1836
1706
1666
1622
1594

1572
1515
1484
1484
1472
1411
1261
1249
1189
1160
1150
1103
1044
970
960
922
916
843
830
771
769
722
721
721
690
684
674
615
613
596
581
550
538
525
513
463
463
462
462
449
447
424
422

CD8a"
835

329
612
627
99

534
482
670
393
426
137
342

453
203
412
373
332
337
202
326
389
351
71

272
247
101
289
236
105
220
288
115
110
212
146
125 
250 
119 
93 
75 
163 
65 
114 
101 
<50 
<50 
184
126 
<50 
111 
93 
108 
129 
75 
91

D N
4726

2350
1799
1839
2146
2154
1795
1486
1568
1542
1027
907

1229
1095
899
1649
2064
1361
782
1409
1334
425
552
571
967
742 
781 
822 
616 
338 
1199 
382 
919 
375 
832 
608 
629 
608 
655 
80 

693
743 
330 
457 
664 
164 
381 
305 
472 
567 
298 
494 
361 
265 
437

Mm.3182 

Mm.3999 
Mm. 1275 

Mm.20921 
Mm.22049 
Mm.2970 
Mm.6417 
Mm.3317 
Mm.766 

Mm.215120 
Mm.1055 
Mm. 1858

Mm.29241 
Mm. 195084 
Mm.21657 

Mm.381 
Mm.71015 
Mm.89940 
Mm.29975 

Mm.62 
Mm.22061 
Mm.2035 

Mm.27348 
Mm.2913 

Mm.89202 
Mm.1164 
Mm.2598 
Mm.459 

Mm. 10747 
Mm.34750 
Mm.2074 
Mm.28830 
Mm.28814 
Mm. 197518 
Mm. 139243 

Mm.491 
Mm.157103 

Mm.2817 
Mm.1452 

Mm. 182607 
Mm.25170 
Mm.4067 

Mm.143818 
Mm.196531 
Mm. 12895 
Mm.22526 
Mm. 10809 
Mm.21103 

Mm.173813 
Mm.21119 
Mm.4368 

Mm.18517 
Mm.34197 
Mm.22261 

Mm. 148348

Short name CD4+ CD8a" D N

Icsbp 345 6644 1381

Mpegl 389 5220 1001
Txnl 1477 4847 1338
Igsf4 134 3311 273
Crip 249 2846 986

Lgais3 740 2379 1166
Cd24a 192 2274 720

Gus 274 2115 394
Cxcl9 130 1901 209
Ifl205 287 1747 651
Lmycl 438 1461 439

CDSa <50 1443 <50

EST 221 1400 400
Tubb2 251 1294 525
EST 292 1071 271
Adfp 91 1053 104

Pdir-pend <50 989 108
Adam 19 282 873 228

Gatm 118 830 174
Pdelb 90 827 53

Sema4a 117 824 298
Fnbpi 215 742 216
Rala 250 691 407

S lc lla l 100 658 92
Ccxcrl 51 623 58
Sec61g 180 617 286
Ppap2a <50 571 <50

Creg 107 541 99
Aifi <50 538 <50

Nudt9 121 491 166
CD205 64 475 71

Pbef-pend 157 471 190
Casp6 134 468 102

Laptm4b <50 446 55
EST 154 435 195
EST 92 421 112
EST 98 414 93

Ppfibp2 84 410 87
Cd86 101 409 124

Epiin-pend <50 400 <50
EST <50 387 <50

Lisch7-pend 53 380 69
Nek6 <50 379 88
EST 61 376 77

Ccl22 88 371 97
EST 58 368 103

Fcgr2b 77 361 57
EST 135 359 171

Notch4 <50 355 <50
Litaf 117 345 151
Gcic <50 341 <50

Rasa3 71 333 166
Ppt2 <50 332 <50
Netl 58 328 148
EST 80 326 79
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CD4+>CD8a+
U nigene ID Short name^ ’̂̂ CD4+ CD8a" DN

CD8a*
U nigene ID

>CD4+
Short name CD4" CD8a" DN

Mm.27498 Usp18 421 147 201 Mm.220989 EST 88 325 152
Mm.7336 Cct12 418 77 339 Mm.4799 Goat <50 325 87

Mm. 142568 Disp-pend 414 <50 127 Mm.96 Itgae <50 321 <50
Mm. 19029 Isg20 413 90 237 Mm. 141230 Agpat3 96 306 83
Mm. 176725 EST 412 <50 209 Mm.4839 Acvrll 60 293 82
Mm.28780 Plxnb2 390 71 512 Mm.943 EST <50 283 <50

Mm.560 Ly9 389 111 194 Mm.2044 Serpinf! <50 268 <50
Mm.89123 Emb 376 73 364 Mm. 12876 Cmkar3 55 251 117
Mm. 1423 Lyst 366 85 194 Mm.9911 Kcnn4 <50 250 139

Mm.24642 EST 366 101 331 Mm.6272 Ccr2 <50 234 245
Mm.4406 Mmp9 355 <50 286 Mm.43278 Olfml <50 228 <50

Mm. 142714 ank 344 102 323 Mm.203866 EST <50 222 181
Mm.3069 Rin2 337 91 332 Mm.6523 S100a13 <50 217 56

Mm.2923 Il2rg 322 118 171 Mm.22339 Vwf 78 211 <50
Mm.42146 Tlr6 320 50 144 Mm.3464 FItl <50 210 <50
Mm.9277 Pla2g7 314 103 91 Mm. 13445 Oxct <50 207 <50

Mm.26364 B4galt6 313 62 217 Mm.1211 Tiami 52 206 108
Mm.22673 Fcerig 304 <50 183 Mm.55143 Dkk3 <50 198 <50
Mm.3137 Ptgs2 304 54 412 Mm.24411 EST 60 191 <50

Mm.19119 EST 299 <50 335 Mm. 1387 R ablla <50 177 86
Mm. 1068 Bcl3 291 80 302 Mm. 108076 Pfkp <50 172 68
Mm. 1347 HIx 290 64 351 Mm.9925 Idhi 63 170 68
X05315 H2-Eb2 284 <50 87 Mm.30144 Ctla2a <50 169 <50

Mm.5262 Chk 281 97 225 Mm.28507 EST <50 166 71
Mm.12184 EST 275 101 211 Mm.200644 EST <50 165 <50

Mm.181862 EST 273 60 199 Mm.20934 Hipk2 <50 163 110
Mm. 193462 Pira1 246 53 237 Mm.24510 Slc12a7 <50 162 <50

Mm.6105 PItp 238 58 233 Mm. 1202 Myb <50 159 85
Mm.3333 Apobeci 235 <50 130 Mm.8217 EST <50 157 51
Mm.2072 Ms4a4d 226 70 349 Mm.3368 Spi6 <50 155 <50

Mm. 16086 Abcbla 212 <50 184 Mm.205578 EST 52 152 74
Mm.3441 Ryr3 192 <50 266 Mm.14860 Anxal <50 151 103

Mm. 18843 Tgm2 180 <50 192 Mm.21299 EST <50 150 68
Mm.2350 Tec 177 <50 68 Mm.61526 Pbxl <50 149 <50

Mm.46299 Gngt2 175 <50 73 Mm.4512 Cbr3 <50 143 <50
Mm.22045 Cypf13 173 <50 173 Mm.202804 EST <50 137 81
Mm.24001 Mef2c 170 <50 95 Mm.31308 Entpd2 <50 136 <50
Mm.57009 Eat2 166 <50 132 Mm.2339 Ptgis <50 134 <50

Mm.779 CdS 163 <50 150 Mm. 12743 Tsga2 <50 127 52
Mm.21855 Pglyrp 162 <50 156 Mm.997 1112b <50 127 <50
Mm. 1902 EST 159 <50 163 Mm.7760 Arl6 <50 126 <50
Mm.41987 Phxrl 144 <50 97 Mm.21965 EST <50 123 <50
Mm.28412 Mms19l 141 53 107 Mm.22715 Ctla2b <50 120 <50

M90535 Mtv-7 140 <50 99 Mm. 195874 XIr <50 119 <50
Mm. 159648 Ms4a4c 139 <50 179 Mm.22338 EST <50 111 <50

Mm.2305 Tcfeb 137 <50 186 Mm.321 Sppi <50 111 62
Mm.3726 Slc2a3 133 <50 119 Mm.203928 Stx3 <50 110 <50
Mm.45752 EST 133 <50 115 Mm.2296 Pdi2 <50 110 62
Mm.24887 Npl 132 <50 56 Mm.87155 Ppef2 <50 110 <50

Mm.179011 Vav2 128 <50 138 Mm.21597 EST <50 109 <50
Mm.3141 Ccnd2 125 <50 55 Mm.987 Map4k4 <50 107 64

Mm.34514 Arhgef3 125 <50 154 Mm. 10088 Dtnb <50 102 <50
Mm.4967 Itgam 125 <50 <50 Mm.1850 EST <50 90 <50
Mm. 1550 Stat4 121 <50 93 Mm.34106 EST <50 85 <50

Mm.30424 Ptger3 121 <50 112 Mm. 14302 Cmkbr5 <50 84 <50
Mm.5263 EST 120 <50 105 Mm.21772 Smarcd2 <50 82 <50
Mm.6393 Dfy 117 <50 79 Mm.57223 Hells <50 82 54

Mm.27427 D14Ucla2 115 <50 127 Mm.1461 Sell <50 77 <50
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U nigene ID Short name'b) CD4" <"> CD8a" DN
Mm.4027 Hoxa4 114 <50 109

Mm.28140 EST 111 <50 <50
Mm.3915 Mobp 106 <50 110

Mm.30029 Eef2k 94 <50 51
Mm.3390 Myolb 94 <50 75
Mm.1349 Il1r2 93 <50 126

Mm.24313 EST 93 <50 94
Mm.1013 Ligi 91 <50 126

Mm.12826 Sjat8a 91 <50 86
Mm.29629 EST 89 <50 <50
Mm.41791 Gpm6b 85 <50 74
Mm.4485 Rgll 78 <50 87
Mm. 1483 Tnk2 77 <50 123
Mm.3962 BIk 75 <50 <50

Mm.37811 Pou2f2 75 <50 84
Mm.2806 Xpc 73 <50 86

Mm. 144089 Pdgfb 73 <50 50
Mm.1351 Hoxc4 72 <50 55
Mm.4454 Elk3 72 <50 54
Mm.882 llirn 64 <50 <50

Mm.7308 Smarcdl 56 <50 <50

CD4+>DN
U nigene ID̂ ®̂ Short

name^ *̂
CD4" (f) CD8a+ D N

Mm. 1293 Tnf 1160 351 425
Mm.2209 Cd4 615 75 80
Mm.2254 Emr1(F4/80) 525 <50 164
Mm.3453 Clqc 435 285 125

Mm. 142568 Disp-pend 414 <50 127
Mm.9277 Pla2g7 314 103 91
Mm.2570 Clqb 243 168 51

Mm. 104747 lgk-V28 169 171 <50
Mm.28492 EST 161 114 59
Mm.88827 Mllt7 156 55 <50

Mm.951 Ifit3 134 <50 <50
Mm.30145 Enpp5 121 137 <50
Mm.24452 Echsi 103 68 <50
Mm.20415 EST 97 <50 <50
Mm.22317 EST 87 58 <50

Mm.4708 Syk 86 <50 <50
Mm.205791 EST 76 75 <50
Mm.38786 PDC-E2 75 <50 <50
Mm.182195 EST 74 85 <50

Mm.4658 Cdh3 71 72 <50
Mm.20818 EST 70 55 <50
Mm.60219 EST 63 57 <50
Mm.6676 Apl6 54 70 <50

CDSa »>DN
U nigene ID Short nam e CD4" CD8a+ D N

Mm.3182 Icsbp 345 6644 1381
Mm.3999 Mpegl 389 5220 1001
Mm. 1275 Txnl 1477 4847 1338

Mm. 104747 lgk-V28 2275 4009 1542
Mm.20921 Igsf4 134 3311 273
Mm. 15969 Adam8 1269 2692 908
Mm.6417 Cd24a 192 2274 720
Mm.3317 Gus 274 2115 394

CD8a* > C D r
U nigene ID Short name CD4+ CD8a+ DN

Mm.3117 Tdag <50 71 <50
Mm. 182959 P5-pend <50 69 <50

Mm.1196 EST <50 66 <50
Mm.6929 EST <50 65 <50

Mm.42078 Dpp6 <50 65 <50
Mm. 10153 Twg-pend <50 64 <50
Mm.9210 EST <50 62 <50

Mm.21686 EST <50 61 <50
Mm.193 ltm2a <50 61 <50

Mm. 1532 EST <50 59 <50
Mm.27450 Akl3l-pend <50 57 <50
Mm. 1668 Fmo5 <50 50 <50

DN > CD4+
Unigene ID Short name CD4+ CD8a+ D N

Mm.3182 Icsbp 345 6644 1381
Mm.22049 Crip 249 2846 986
Mm.6417 Cd24a 192 2274 720
Mm.6272 Ccr2 <50 234 245

Mm.203866 EST <50 222 181
Mm.4079 EST <50 111 139
Mm. 1323 Snrpb2 <50 113 125

Mm.71015 Pdir-pend <50 989 108
Mm.4509 Runx2 <50 <50 90
Mm.2271 Ccl9 <50 53 86

Mm.24770 EST <50 <50 78
Mm.21299 EST <50 150 68
Mm.31395 Ope <50 <50 62

Mm. 154890 Sars2 <50 <50 59
Mm. 12743 Tsga2 <50 127 52

DN > CD8a^
U nigene ID Short name

Mm.1715 
Mm.4100 

Mm.200627 
Mm.1645 
Mm.3925 

Mm.100144 
Mm.8308 
Mm.1741

Ltb
Cd7
EST
Dtxl

S100a4
S100a6

Pfc
Relb

CD4" CD8a+ 
4618 835
2840
2074
2199
1472
1851
1484
1706

329
534
99
332
482
373
393

D N
4726
2350
2154
2146
2064
1795
1649
1568



I l l

CD8a*
Unigene ID

>D N
Short name CD4" CD8a" DN

DN > CD8a*
Unigene ID Short name CD4+ CD8a" DN

Mm.766 Cxcl9 130 1901 209 Mm. 1853 Galgtl 1666 426 1542
Mm. 1055 Lmycl 438 1461 439 Mm.182914 EST 1249 326 1409
Mm.1858 CDSa <50 1443 <50 Mm. 19963 EST 1411 337 1361

Mm.29241 EST 221 1400 400 Mm.9653 Gadd45g 1189 389 1334
Mm.806 CdSI 427 1207 243 Mm.25613 Ier3 1572 453 1229

Mm.1894 Cd1d1 354 1099 296 Mm.2436 Bhlhb2 830 288 1199
Mm.21657 EST 292 1071 271 Mm.2405B EST 1515 203 1095

Mm.381 Adfp 91 1053 104 Mm. 10081 EST 1001 285 1038
Mm.71015 Pdir-pend <50 989 108 Mm.8186 Klrdl 549 221 1028
Mm.89940 Adam 19 282 873 228 Mm.1682 Ptpnsi 1622 137 1027
Mm.29975 Gatm 118 830 174 Mm.4383 Bini 720 237 922

Mm.62 Pdelb 90 827 53 Mm.21697 EST 769 110 919
Mm. 188 Pgkl 341 805 316 Mm.5021 Ddri 721 146 832

Mm.2035 Fnbpi 215 742 216 Mm.1338 Fgr 1261 202 782
Mm.8180 Ly6a 248 660 250 Mm.29467 Rrad 702 281 766
Mm.2913 S lc lla l 100 658 92 Mm.175661 EST 596 65 743

Mm.89202 Ccxcrl 51 623 58 Mm.6680 Catnd2 970 101 742
Mm.2598 Ppap2a <50 571 <50 Mm.3350 Aclp7 571 246 722
Mm.459 Creg 107 541 99 Mm.3865 Rnpci 613 163 693

Mm. 10747 Aifi <50 538 <50 Mm. 1708 Cd22 538 <50 664
Mm.2074 CD205 64 475 71 Mm.8007 CmkbrS 674 93 655
Mm.28814 Casp6 134 468 102 Mm.46354 Acp5 916 105 616

Mm. 197518 Laptm4b <50 446 55 Mm.2055 Mmp12 721 125 608
Mm.491 EST 92 421 112 Mm.30060 EST 462 111 567

Mm.157103 EST 98 414 93 Mm.2121 EST 1150 71 552
Mm.2817 Ppfibp2 84 410 87 Mm.28780 Plxnb2 390 71 512
Mm.1452 Cd86 101 409 124 Mm.4715 Ptpro 449 108 494

Mm. 182607 Epiin-pend <50 400 <50 Mm.3085 EST 463 <50 472
Mm.25170 EST <50 387 <50 Mm.4677 Irf4 550 101 457

Mm.143818 Nek6 <50 379 88 Mm.24385 EST 422 91 437
Mm. 196531 EST 61 376 77 Mm.22288 Ccndl 377 112 433
Mm. 12895 Ccl22 88 371 97 Mm.4181 Jak3 392 118 425
Mm.22526 EST 58 368 103 Mm.3137 Ptgs2 304 54 412
Mm. 10809 Fcgr2b 77 361 57 Mm.5001 Dnmt3a 276 130 374

Mm.173813 Notch4 <50 355 <50 Mm.89123 Emb 376 73 364
Mm.4067 Lisch7-pend <50 354 53 Mm.46382 EST 447 129 361

IWm.219629 Mtl 130 344 90 Mm. 1347 HIx 290 64 351
Mm.4368 Gcic <50 341 <50 Mm.2072 Ms4a4d 226 70 349
Mm.34197 Ppt2 <50 332 <50 Mm.7336 Ccf12 418 77 339

Mm. 148348 EST 80 326 79 Mm.19119 EST 299 <50 335
Mm.4799 Gcet <50 325 87 Mm.24642 EST 366 101 331

Mm.96 Itgae <50 321 <50 Mm.142714 ank 344 102 323
IWm.141230 Agpat3 96 306 83 Mm. 117294 Mania 423 56 314

Mm.5019 Serpinb2 138 284 70 Mm. 1068 Bcl3 291 80 302
Mm.943 EST <50 283 <50 Mm.1 SlOOalO 257 104 290

Mm.1940 Csf2rb2 184 276 104 Mm.86453 EST 263 113 287
Mm.3003 Epim 108 271 65 Mm.4406 Mmp9 355 <50 286
Mm.2044 Serpinfl <50 268 <50 Mm.1881 EST 315 93 284
Mm.324 Amy2 184 257 66 Mm.21420 Slc2a3 424 75 265

Mm.43278 Olfml <50 228 <50 Mm.2856 Il6ra 163 66 246
Mm.6523 S100a13 <50 217 56 Mm. 193462 Piral 246 53 237

Mm.22339 Vwf 78 211 <50 Mm.6105 PItp 238 58 233
Mm.3464 FItl <50 210 <50 Mm.26364 B4galt6 313 62 217
Mm.13445 Oxct <50 207 <50 Mm.21855 Pglyrp 218 55 212
Mm. 1021 Vcami 76 201 <50 Mm.3441 Ryr3 142 <50 209
Mm.55143 Dkk3 <50 198 <50 Mm. 18843 Tgm2 180 <50 192
Mm.24411 EST 60 191 <50 Mm.57250 Hid 145 58 192
Mm.30144 Ctla2a <50 169 <50 Mm.2305 Tcfeb 137 <50 186
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CD8a+ > DN DN > CD8a*
Unigene ID Short name CD4+ CD8a+ DN
Mm.20488 EST 58 165 51
Mm.200644 R75096 <50 165 <50

Mm.2131 Elal 151 165 <50
Mm.24510 Slc12a7 <50 162 <50
Mm.3368 Spi6 <50 155 <50

Mm.26600 EST 67 152 <50
Mm.61526 Pbxl <50 149 <50
Mm.4512 Cbr3 <50 143 <50

Mm.31308 Entpd2 <50 136 <50
Mm.214752 Actnl 86 134 <50

Mm.2339 Ptgis <50 134 <50
Mm.997 1112b <50 127 <50

Mm.7760 Arl6 <50 126 <50
Mm.21965 EST <50 123 <50
Mm.22715 Ctla2b <50 120 <50
Mm.87155 Ppef2 <50 110 <50
Mm. 14627 Piscrl 53 105 <50
Mm.10088 Dtnb <50 102 <50
Mm. 180763 Raplgal 66 100 <50
Mm.206786 Torib <50 93 <50
Mm.10510 Fcna 65 91 <50
Mm. 1850 EST <50 90 <50
Mm.4983 Mclr 61 89 <50

Mm.34106 EST <50 85 <50
Mm.22583 EST <50 82 <50
Mm.21772 Smarcd2 <50 82 <50
Mm.2020 Csrp2 <50 81 <50

Mm.29087 EST <50 81 <50
Mm.1461 Sell <50 77 <50

Mm.205791 EST 76 75 <50
Mm.4658 Cdh3 71 72 <50
Mm.6676 Apl6 54 70 <50
U59282 Atp5k-ps1 <50 70 <50

Mm. 195525 EST <50 69 <50
Mm.18617 EST <50 69 <50

Mm.534 Igfbp7 <50 64 <50
Mm.9210 EST <50 62 <50
Mm.4001 Tshb <50 61 <50
Mm. 1532 EST <50 59 <50
Mm.20818 EST 70 55 <50
Mm. 1668 Fmo5 <50 50 <50

Unigene ID Short name CD4" CD8a^ D N
Mm. 16086 Abcbla 212 <50 184
Mm.22673 Fcerlg 304 <50 183
Mm.24001 Mef2c 288 <50 180

Mm. 159648 Ms4a4c 139 <50 179
Mm.22045 Cypf13 173 <50 173
Mm.47384 Clecsf6 97 <50 168
Mm.12192 EST 94 <50 165
Mm.2254 Emr1(F4/80) 525 <50 164
Mm.1186 Car2 128 <50 163
Mm. 1902 EST 159 <50 163

Mm. 15568 Pou2f1 92 <50 162
Mm.27278 Nme3 78 52 157
Mm.34514 Arhgef3 125 <50 154

Mm.179011 Vav2 128 <50 138
Mm.34257 EST 115 <50 134
Mm.57009 Eat2 166 <50 132
Mm.27427 EST 115 <50 127
Mm.1013 Ligl 91 <50 126
Mm.1349 H1r2 93 <50 126
Mm.1483 Tnk2 77 <50 123
Mm.3726 Slc2a3 133 <50 119

Mm.24481 EST 70 <50 115
Mm. 18530 Ifi203 <50 <50 112
Mm.30424 Ptger3 121 <50 112
Mm.3915 Mobp 106 <50 110

Mm.21241 EST 70 <50 99
M90535 Mtv-7 140 <50 99

Mm.24313 EST 93 <50 94
Mm.29090 EST 90 <50 93
Mm.1359 Plaur 80 <50 91
Mm.304 Rbl 58 <50 91

Mm.27643 Smocl 51 <50 89
Mm.4485 Rgll 78 <50 87
X05315 H2-Eb2 284 <50 87

Mm. 12826 Siat8a 91 <50 86
Mm.2806 Xpc 73 <50 86

Mm.37811 Pou2f2 75 <50 84
Mm.6393 Dfy 117 <50 79
Mm.5041 Acvr2 <50 <50 76
Mm.3390 Myolb 94 <50 75
Mm. 1225 Col17a1 <50 <50 73

Mm.42081 Arr 68 <50 72
Mm.173 Hoxa5 61 <50 65

Mm.6404 Abcbib <50 <50 64
Mm.31395 Cpe <50 <50 62
Mm.27664 Ulk2 <50 <50 58

Mm. 154890 Sars2 <50 <50 57
Mm.141324 Prp13 <50 <50 56

Mm.1351 Hoxc4 72 <50 55

All annotations were taken from the Affymetrix database in April 2003. =) Unigene 
database I.D. (http://www.ncbi.nlm.nih.gov/UniGene/); where no unigene cluster has 
been identified, a genbank accession number is given instead. Short name indicates a 
common gene name for the Unigene cluster shown, where one exists. EST indicates the 
probe represents an EST cluster; the -pend suffix indicates the name was provisional at 
the time of annotation. (=) Mean AvDiff values for the two experiments for one probe set 
representing that gene. Highlighted genes are discussed in the text.

http://www.ncbi.nlm.nih.gov/UniGene/


113

In order to test these expression data I compiled a list of surface antigens from 
these lists. As well as known subset-specific genes, a number of surface antigens 

appeared that were not expected. For example, CDS, CD22 and CD72 appeared in lists of 

genes expressed higher in CDSa" DC relative to CDSa^ DC. In contrast, CDld appeared 

to be preferentially expressed in CDSa^ vs CDSa" DC. To test levels of these genes, 

freshly isolated C D llc enriched cells were stained and analysed by flow cytometry.

Oliver Schulz also stained DC subsets for CDl03 (integrin a-E). Strikingly, for the 9 

antigens chosen from these lists, all 9 showed the expected expression pattern (figure 

S.2). This suggests the data and analysis methods used are predictive, and further 

confirms the ability of mRNA quantitation to predict protein expression.

Interestingly, CDl 03 only stained a proportion of CD8a^ DC, which might 

identify a sub-population of this subset (figure 8.2). It would be interesting to test if this 
staining correlates with any function of these cells. However, all other markers showed a 

single peak of staining on CD8a^ and also on CD4^ DC. Thus both these subsets 

probably represent single, largely homogenous populations. In contrast, DN DC showed 
heterogeneity for CDS, CD22, F4/80, CD81 and CD86 staining (figure 8.2). It is likely 

therefore that this CD8a~ CD4" population contains a mixture of cell types.

8.2.3 Gene Ontology analysis of differentially expressed genes

Having generated large lists of genes predicted to be differentially expressed 

between DC subset, and confirming that at least a few of these genes are in fact present 

at different levels in these cells, it was interesting to investigate if these lists of genes held 
any clues about distinct functions of these cell types. When estimates of the number of 

genes in the mouse genome are compared with the amount of solid functional 
information about individual genes, it becomes clear that very little is known about gene 

function on a genomic level. However, attempts to systematically catalogue such 

information are progressing. One attempt, the Gene Ontology^*^ consortium, uses 

hierarchies of simply named processes such as 'cell growth' or metabolism' to catalogue 
gene function. I used GO classification to compare my lists of differentially expressed 

genes with a list of genes detected in all subsets.
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Figure 8.2: Confirmation of differential expression of surface antigens
The upper panels show m RNA levels for the indicated genes measured by 
microarray analysis. C D l lc  enriched splenocytes were stained for these  
antigens, plus C D11c, C D 8a  and CD4, and analysed by flow cytometry. 
Lower panels show histograms of surface staining for these genes, gated on 
the three subsets as indicated.
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I chose to study lists from the comparison between the CD4^ and CD8a^ subsets, 

since these showed less heterogeneity than the DN subset; I named the two comparison 

lists '8>4' and '4>8'. Expression of 4099 genes was detected at >50 AvDiff in both repeat 

data sets for all three subsets; I named this list 'ALL'. In addition, I generated a list of 

randomly selected genes by selecting consecutive accession numbers. I used a web-based 

program (FatiGO: <http:/ /fatigo.bioinfo.cnio.es/>) to calculate the proportion of genes 
in each list that are assigned to different classifications in the Gene Ontology database 

(Table 8.4). I then compared the distribution of genes in these classifications, and looked 

for differences in frequency of genes in my differentially expressed' lists vs my detected 

in all subsets' list.
My differentially expressed lists had over-representation of genes in two major 

categories of classification. Nearly twice as many '4>8' genes were implicated in the cell 

communication category, and similarly more '8>4' genes were in this category, compared 

with the ALL' list. The '8>4' list also had nearly twice as many genes in the developmental 

processes category. Importantly, no differences in frequency were seen with when a 

randomly generated list of genes was compared with the ALL' list (table 8.4 and data 

not shown).
The GO classification is hierarchical, and these over-represented categories 

contained sub-categories with similar over-representation. Thus, both the response to 

external stimulus category and the signal transduction category implicated 2-3 fold more 
genes from the differentially expressed lists than the ALL' list, which are both sub

categories of the cell communication annotation. The former category reflects a large 
number of genes annotated into the sub-category response to biotic stimulus; the latter 

category particularly reflects over-representation of cell surface receptor linked signal 

transduction, but not intracellular signalling cascade functions (table 8.4). One gene can be 
annotated into more than one GO category, reflecting multiple types of function 

suggested for the same protein. Thus the response to biotic stimulus and cell surface receptor 

linked signal transduction categories will contain some genes that are both cell-surface 

receptors and also receptors with immune function. This selective overrepresentation 

suggests that many differentially expressed genes are cell-surface receptors involved in 
cell-cell signalling, or sensing of extracellular events.

Similarly, the over-representation of developmental process genes reflects a greater 

proportion of genes classified into the embryogenesis and morphogenesis and histogenesis 

and organogenesis sub-categories (table 8.4). Presumably this classification identified 

genes implicated in developmental or differentiation processes.



[Parent] OO accession GO annotation ALL 4 > 8 8 > 4 RANDOM
number of genes in list: 40 9 9 134 125

LEVEL 2: Number of annotated genes 1477 71 5 9
00:0008151 Cell growth and/or maintenance 7 6 .4 6 6 5 9
00:0007154 Cell communication 2 5 .3 4 8 4 0 .7
00:0007275 Developmental processes 7 .0 9 .9 13 .6

LEVEL 3: number of annotated genes 1413 69 5 0 4 1 3
00:0008151 00:0008152 Metabolism 5 8 .2 4 6 4 8 50.1
00:0007154 00:0007165 Signal transduction 15.5 3 0 2 6 17.7
00:0008151 00:0006810 Transport 11 .9 10 12 14.0
00:0007154 00:0009605 Response to external stimulus 10 .0 3 0 2 8 14.8
00:0008151 00:0007049 Cell cycle 7 .8 13 4 .0 5.3
00:0007275 00:0007345 Embryogenesis and morphogenesis 4 .8 8 .7 10 .0 7.5

LEVEL 4: number of annotated genes 1333 6 7 4 8 3 7 6
00:0008152 00:0006139 Nucleobase, nucleoside, nucleotide and nucleic 23.1 2 2 15 21 .5

acid metabolism
00:0009605 00:0009607 Response to biotic stimulus 8 .6 3 0 2 7 13.8
00:0007165 00:0007166 Cell surface receptor linked signal transduction 8 .0 2 0 13 11.2
00:0008152 00:0006796 Phosphate metabolism 7.6 9 .0 10 5.3
00:0007165 00:0007242 Intracellular signaling cascade 7 .2 1 1 8 .3 5.9
00:0007345 00:0007397 Histogenesis and organogenesis 4 .4 9 .0 10 7.2
00:0007049 00:0000074 Cell cycle control 3 .5 1 1 4 .2 2 .9

Table ̂ 4 : Lists of genes differentially expressed between CD4^ and CD8a^ DC were compared with the list of genes showing AvDiff >50 
in all subsets. Three levels of GO annotation are shown, as indicated, and the parent category for each annotation is also indicated. A 
randomly generated list of genes was analysed for comparison. The number of genes with any GO annotation at each level is indicated in 
italics. Only categories that contained at least 10% of genes in one or more list are shown. Categories highlighted in gray contain an excess 
of genes expressed differentially in the two subsets, suggesting a role for these processes in DC subset biology. Colours indicate the 
heirachy of categories in the GO classification.
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8,3 Discussion___________________________________________

Before discussing what my microarray analysis tells us about DC subsets, I will 

consider the reliability of these data and the accuracy of my analysis. Assuming these 
data do reflect gene expression in these cells, and my analysis is valid, a number of 

interesting points arise from this analysis of gene expression. Firstly, CD8a^ DC appear 

to be a distinct population of cells, whereas few differences between CD4^ and DN DC 

were seen. Secondly, the analysis identified a number of antigens found at different 
levels on freshly isolated DC. Finally, gene ontology analysis of differentially expressed 

gene lists agrees with the prevailing view that these subsets are developmentally and 

functionally distinct cell types.

6.3.1 Validity and accuracy of microarray data and analysis

When confronted with the vast array of numbers that result from microarray 

expression measurement, it is tempting to attempt to apply complex mathematical 
analysis. However, with only two repeats per condition, it is not possible to calculate 
either biological or measurement error; more repeats would be required for proper 

analysis. Thus, instead of using a statistical approach to validate and verify my data, I 
relied on more traditional tools of credibility used in biology; namely, controls and 

prediction.
As controls, I simply identified probe sets corresponding to genes with known 

expression patterns in DC subsets. All these appeared to have the expected AvDiff 

values in the gene chip data. Further, no message was detected for several genes 
expected to be expressed in abundant spleen cells that could have contaminated the sorts 

(table 8.1). Thus the data appeared to have no obvious inaccuracies, by this inspection.

The fold-change cutoff analysis used to compare subsets was crude but simple. It 
is clear from my data and others that the accuracy of measurement is dependent on 

signal intensity, such that most noise is seen at lower AvDiff values, when two repeats 
are compared (figure 8.1). This leads to an increased number of genes with lower AvDiff 

being selected, when a fixed fold-change filter is used (291). However, use of a non

linear fold-change filter is equally arbitrary, and more complex to use. Conversely, filters 
based on selecting variation from no change, such as unusual ratio filtering' will always 

identify differences, even when comparing samples derived from identical populations 

(291).
But does this simple method really select differentially expressed genes? I used 

known subset-specific genes to design the fold-change analysis used to look for 

expression differences between subsets. The threshold of 2.5-fold was chosen because it 

generated lists containing marker genes (table 8.3). For this reason it is not possible to
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claim that the lists are accurate because they identify such genes; after all, the analysis 

was designed to identify these genes. Crucially, however, as well as a known genes, 

several other antigens appeared in these lists that were predicted to be differentially 

expressed in DC subsets. I demonstrated that all these genes were expressed in the 
expected subset at the protein level (figure 8.2). Although this is not an exhaustive test of 

expression levels, it suggests that this microarray analysis has predictive power, even at 

the protein level.

6.3.2 Differences between DC subsets identified by fold-change analysis

Comparison of AvDiff values between subsets suggests that CD8a^ DC might be 

a distinct cell type, whereas the CD4^ and DN subsets are more similar. This is reflected 

by the small number of differentially expressed genes identified when the two CD8a' 

subsets were compared (table 8.2). An alternative explanation for these differences is the 

greater variability between repeats in AvDiff valued obtained with CD8a^ DC (figure 

8.1). Unfortunately, it is not possible to determine if this reflects biological or 
experimental variation without further repeat experiments.

Independently of the microarray data, a sub-population of CD4 CD8a” DC are 

phenotypically similar to CD4^ DC. For example, a peak of staining for CD5, CD22, 

F4/80, CD81 and CD86 is seen at similar levels to CD4^ DC (figure 8.2). It is possible 

therefore that a large subset of DN DC are essentially the same cells as CD4^ DC, but 

with low CD4 levels. To test if a subset of DN DC are functionally similar to CD4^ DC, 

cells could be sorted on the basis of CD4 and CDS or CD22 levels and tested for IL-12 

p70 production.
Although I confirmed differential expression of several novel genes, it is difficult 

to draw any functional conclusions simply on the basis of an interesting expression 

pattern. For example, differential expression of the non-classical class I molecule CDld, 

might suggest a specialised ability of CD8a^ DC to present non-peptide antigen to NKT 

cells (292). On the other hand, all three subsets express CDld, albeit at differing levels 

(figure 8.2), thus CD8a DC might also be able to present to NKT cells. In contrast, little 

or no staining for CDS, CD22 and CD72 was detected on CD8a^ DC, and these antigens 

can therefore be used as novel markers to identify CD8a DC. Could these more 

selectively expressed genes reveal new functions of CD8a DC? CD22 negatively 

regulates B cell activation by recruiting phosphatases to the BCR signalling complex 

(293). Similarly, CDS has been shown to have inhibitory function in T and B cells (294 

and 29S). However, it is difficult to speculate on how such molecules might modulate 

signalling in DC. Similarly, little is known about the function of CD72, and certainly no 

information currently exists about its function in DC.
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Although we gain no direct insight into DC subset function, I have identified 

some new subset markers, which may be worthy of further investigation. Staining with 

these markers identified heterogeneity within the DN and possibly CD8a^ subsets. More 

importantly, differences in expression of such diverse genes reinforce the notion that 

CD8a and CD4 staining really does identify phenotypically distinct cell types.

8.3.3 GO analysis of differentially expressed gene lists

Having found only limited information about the function of the few genes with 
confirmed differential expression at the protein level, it is perhaps optimistic to expect to 

leam about DC subset function from large lists of genes with unconfirmed expression. 

However, as more information is catalogued in systematic databases it becomes easier to 
do large-scale analysis of gene function. I would like to stress that my lists are somewhat 

crude, and the GO classification is in its infancy. Major limitations with the analysis 

include the small number of genes in each list with GO classification, and the lack of any 
significance testing when different lists were compared.

Taken at face value, this analysis suggested that my lists of differentially 
expressed genes contained more genes with certain functional classifications, than either 
the list of genes expressed in all subsets, or a list of random genes. Specifically, the lists 

are over-represented in sub-categories of the Cell communication and Developmental 

processes categories (Table 8,4). But what does this over-representation actually mean? 

Since these lists were selected purely by comparing expression levels, this analysis 
suggests that many of these differentially expressed genes are involved in these two 
processes. Specifically, transmembrane receptors involved in external or biotic' 

stimulation are over-represented. In addition, many genes involved in developmental 

processes are also differentially expressed. Presumably this means that DC subsets have 
specialised expression of both transmembrane signalling molecules, and also 

differentiation factors.
Thus this blind' analysis of gene function suggests that DC subsets have 

specialised inter cellular signalling capabilities and developmental features. In other 

words, it agrees with my previous conclusion, based on many published studies and my 

results; namely, that defining DC subsets by CD4 and CD8a staining does identify cells 

that are functionally and developmentally distinct.
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Chapter 9: Conclusions and perspectives
I have covered three major subjects, all relating to the overall question of how DC 

respond to direct microbial stimulation. Firstly, I will discuss the effects of CD40 
signalling on cytokine production by DC. The majority of this chapter will then be spent 

discussing mechanisms of innate microbial recognition, and the effects of innate 
stimulation on cytokine production by DC. Finally, I will summarise some similarities 

and differences between subsets of DC found in mouse spleen. A well as drawing from 

conclusions made in the preceding chapters, I will speculate about the importance of 
microbial activation of DC for immunity and resistance to infection. Inevitably, such 

speculation raises new questions for the future.

9.1 T cell feedback and DC cytokine production______________

I have discussed three points about the effects of triggering CD40 on cytokine 
production from DC. Firstly CD40 triggering only induces maximal IL-12 p70 

production from DC that have been microbially conditioned by appropriate stimuli such 
as STAg, CpG DNA or tuberculin PPD (96, chapters 4-6). Although CD40 triggering in 

vitro can induce some IL-12 and IL-10 production, little or no IL-12 p70 was made by 
non-activated DC following an in vivo challenge with anti-CD40 (96). Importantly, no IL- 
12 p70 was produced by MyD88-deficient DC following CD40 triggering, regardless of 
the microbial stimulus used, confirming that direct microbial stimulation is required for 

CD40L to induce IL-12 production (chapter 6).
Secondly, continual CD40 triggering is required for maximal IL-12 production. 

Although induction of CD80 or CD86 upregulation on DC is probably irreversible, 

removal of CD40L rapidly terminates high level IL-12 p70 production from DC in vitro 

(chapter 3).
Last but not least, CD40 triggering does not induce IL-12 production from all 

microbially activated DC. Thus LPS challenge upregulated CD40 on DC in vivo but no 
IL-12 p70 was made in response to anti-CD40 (96). Further, I showed that production of 

IL-10 can also be amplified by CD40 triggering, from DC activated with heat-killed yeast 

(chapters 4-6). IL-10 or IL-12 production is also amplified by feedback from activated T 

cells (206). Production of IFN-I from CDllc*̂ "®̂ * DC challenged with intracellular polyLC 

can also be amplified by CD40L (193).

In conclusion, CD40 triggering on DC amplifies production of cytokines, but the 

type of cytokine produced is strictly controlled by microbial cues. The fact that IL-10, IL- 

12, or IFN-I can each be produced by DC following triggering of the same molecule 

suggests that signalling downstream of CD40 must be flexible. It would be interesting to
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investigate what transcription factors or adapters are involved in switching CD40 
signalling for the production of different cytokines.

9.2 Pattern recognition and cytokine production from DC_______

For me, the most important part of this work is the confirmation that Toll-like 

receptors are involved in direct microbial recognition by DC, and the suggestion that an 

alternative Syk-dependent pathway of innate recognition might be involved in activation 
of DC. I will run through the evidence that DC are directly activated by microbes, and 

discuss a model where the type of PRR triggered determines the type of cytokine 

produced by a DC. Finally, I will indulge in a little speculation about whether TLR are 

predominantly required for Thl immunity (and if so, why?).

9.2.1 DC are directly activated by innate recognition of microbes

Since DC can be activated by inflammatory cytokines, microbially-induced DC 
activation could occur indirectly via another cell type. I will discuss evidence that DC 

can be activated directly by microbes. However, the relative importance of direct vs 
indirect DC activation for immunity remains to be determined.

Three lines of evidence discussed here confirm that DC can be activated directly 

by components of microbes. Firstly, empirical data suggests that purified DC can be 
directly activated by culture with extracts of microbes (chapter 5). Secondly and most 

crucially I identified a transmembrane signalling molecule (TLR2) required for cytokine 
induction by one of these extracts, confirming that this mechanism of innate recognition 

is required for activation of DC (chapter 6). Finally, I confirmed that activation requires 

TLR expression on each DC, since CD8a^ DC do not express TLR7 and are not activated 

by R-848 (chapter 7). It is clear from this accumulated evidence that DC are directly 

activated by components of microbes via innate receptors such as TLR.

Although DC can be activated by direct contact with microbes, it is clear that 
indirect activation of DC via host-derived cytokines does occur and can be critical for 

adaptive immunity. Early experiments showed that that DC migration induced by an in 

vivo LPS challenge are partly due to induction of TNFa (87). The most thoroughly 

studied example is type-1 interferon. Studies of mice deficient for type-I interferon 

receptor (IFN-I-R) and the effects of IFN-I administration have established an important 
role for IFN-1 activation of DC in immunity (69). Immunisation with CFA requires 

signalling by IFN-I to induce class switching (296). Further, simply injecting IFN-I 

induces B cell class switching via DC activation (296). A role for autocrine IFN-I was also 
identified for activation of BM-DC in vitro; IFN-I-R-deficient DC showed impaired CD40 

upregulation in response to CpG DNA (297).
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In conclusion, DC can be directly activated by microbes. As well as direct 
microbial activation, a number of endogenous molecules act on DC, and I have 

summarised in figure 9.1 five major categories of factors that can activate or modulate 

DC function. Indeed several studies have illustrated the importance of indirect activation 

of DC for immune responses. Crucially, as the molecules that mediate direct microbial 

activation of DC have been identified, it will be possible to dissect the relative 

importance of direct vs indirect DC activation for protective immunity.

9.2.2 Correlation between the class of PRR triggered and cytokine 

production from DC

It is clear that direct recognition of microbes has potent effects on production of 

cytokines by DC. Importantly, the class of PRR triggered correlated with the cytokine 
produced by DC, suggesting that different mechanisms of DC activation lead to distinct 

activation states in DC. I will discuss the evidence for this model, and then raise three 

questions that remain about the effects of direct activation of DC on cytokine production.

I identified microbial extracts that induce different cytokines from DC (chapter

4). I confirmed that purified DC subsets are activated by and make different cytokines in 
response to these extracts (chapter 5). I investigated what the molecular basis for 

differential cytokine production was (chapter 6). Although components of M. tuberculosis 

and zymosan have both been shown to trigger TLR2,1 showed that IL-12 induction by 
tuberculin PPD required this molecule, but TLR2 was not needed for zymosan induced 

IL-10. This suggested that the divergent cytokine response could reflect triggering of 
distinct pathways of DC activation.

Crucially, DC lacking signalling molecules involved in two different pathways of 

microbial recognition are deficient for distinct cytokine responses (chapter 6). Thus 
MyD88-deficient DC are unable to make IL-12 in response to STAg, CpG or PPD 

stimulation, but make IL-10 in response to yeast. In contrast, Syk-deficient DC are unable 

to make IL-10 in response to zymosan stimulation, but make IL-12 in response to CpG. 
This relationship between the signalling pathway activated by each extract and the 

cytokine produced suggests a model summarised in figure 9.2.
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Summary of the many different pathways that can influence DC activation 
and cytokine production. Pathways discussed in this thesis are highlighted in 
grey. The biggest challenge for the future will be to understand the 
contribution of all of these processes to DC activation during infection, and 
the relative importance of each pathway for protective immunity.
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Three major questions remain. Firstly, a better understanding of how zymosan 

induces Syk-dependent IL-10 production is needed. Although Syk is required for 

signalling by IT AM-con taining receptors, I did not manage to determine which 

receptor(s) are involved in Syk-dependent IL-10 induction by zymosan (chapter 6).

Indeed, it is still possible that IL-10 induction directly or indirectly involves FcR. The 

ability of non-TLR innate receptors, such as the CLECT-domain containing dectin-1 and 

DC-SIGN, to activate DC must be investigated further. The involvement of Syk in 
activation by such molecules should also be determined.

Secondly, the effects of endogenous DC modulators on microbially activated DC 

must be determined systematically. Cytokine production from DC can be influenced by 

many endogenous factors including cytokines such as IFN-g, and different subsets (or 

DC from different locations) may produce different cytokines in response to the same 
stimulus. It will be important to determine how microbial recognition and endogenous 

factors co-operate to influences cytokine production by DC. For example, how can 
existing T helper cells that produce cytokines such as IFN-y or IL-4 influence the 

behaviour of microbially activated DC?
Finally, the implications for DC activation of simultaneously triggering several 

PRR need investigating. As well as determining the effects of triggering single TLR on 

DC, it will be important to dissect the relative contribution of different TLR and 

microbial components to activation of DC by whole microbes. Thus MyD88~^“ mice are 
more susceptible than TLR2" " mice to infection with L. monocytogenes, suggesting 

multiple TLR are involved in protective immunity (298). It is important to note that 
zymosan represents a microbe extract with two components that appear to trigger 

opposing responses. Surface binding of beta-glucans triggers MyD88-independent IL-10 

production, whereas a TLR (probably TLR2) is also triggered for IL-12 production 
(chapter 6). If the receptor(s) responsible for glucan- and Syk- dependent IL-10 induction 

could be identified, it would be interesting to investigate the relative importance of this 

pathway vs the TLR pathway of activation for protection against yeast infection. Further, 

live microbes should also be compared with killed microbes, as it is possible that 

characteristics of microbial growth or replication might be triggers for innate immunity.

In conclusion, different microbes induce production of different cytokines from 

DC by triggering distinct innate recognition pathways.
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9.2.3 Do TLR always induce IL-12 and Thi immunity?

The model described in figure 9.2 suggests that TLR and MyD88 are generally 

important for IL-12 production and Thl immunity. This association of TLR and IL-12 

production prompts one rather speculative question. Toll-like receptors are needed for 

recognition of many different very specific components of microbes. Such specificity 

should allow cells to distinguish' pathogens. So why should all these different agents 
trigger similar responses (i.e. IL-12 production)? One answer is that not all TLR induce 

IL-12 production from all DC. However, since the adapter MyD88 is associated with IL- 

12 production (299), I will discuss the requirement of this molecule for Thl responses 
and protection against intracellular pathogens. Finally, I will speculate a little about why 

receptors for different microbial components might induce similar immune responses.

Not all TLR induce IL-12 production

The short answer to the above question of why different TLR might all induce the 
same response is that in fact, not all TLR trigger IL-12. Two reasons follow; firstly, some 
TLR use alternative signalling adapters that induce other cytokines, and secondly, the 
MyD88-dependent TLR triggers I used to induce IL-12 production may not be 

representative of all TLR.

The signalling TIR domain of different TLR is linked to different adapters which 

can signal for different cytokines. For example some TLR signal for IFN-I production via 
TIR adapters other than MyD88. Thus TLR3 and TLR4 were unable to induce IFN-P via 

IRF-3 activation in the absence of the adapter TRIF/TICAM-1 (245,300). It is thought 

that the combined use of 5 different adapters may explain differences in TLR signalling 
(243). As well as different TLR inducing different cytokines in the same cell type, the 

same TLR can induce different cytokines from different cell types. Thus in the mouse, 

CpG oligos induced IL-12 p70 production from the CD8a^ and DN DC subsets, IL-12 p40 

but no IL-12 p70 from CD4^ DC, and IFN-I from PDC (96 and 169,184). Having said this, 

it is important to note that IFN-I has also been implicated in induction of Thl immunity 

(301).

I found that MyD88"'^~ DC were completely unable to make IL-12 when 

stimulated with four microbial stimuli (figure 6.1). Since CpG oligos and PGN both 

represent bacterial products, and tuberculin PPD is a crude extract of mycobacteria, 
three of these triggers are derived from related organisms. Indeed, PGN and tuberculin 

PPD even trigger the same receptor, TLR2 to induce IL-12 production (figure 6.1). T. 

gondii appears to have a specialised ability to induce IL-12 production that may be 
beneficial for transmission of the parasite (250). Thus of the four extracts 1 used, two
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trigger the same TLR, three are derived from bacteria or mycobacteria, and the last may 
not be a true PAMP. More extensive analysis of TLR triggers is required to investigate if 

all MyD88-dependent TLR induce IL-12 p70 from CDllc*’"̂ ‘̂ DC.

In conclusion, not all TLR signal for IL-12 production from DC. Further, the IL-12 

inducing stimuli I showed required MyD88 were not representative of all TLR triggers. 

However, there is still a general correlation between TLR triggering, MyD88 signalling, 
and Thl cytokine production from DC.

MyDSS and T h l immunity

The involvement for MyD88 in Thl responses has been investigated in vitro and 

in vivo. Further, the requirement for MyD88 in resistance to various model infections has 
also been tested.

One study measured the response to CFA in mice deficient for MyD88. Although 

IFN-y production and IgG2a induction was absent, some IgGl production was retained 

in MyD88 knockout mice (302). This might suggest that the Thl-inducing component of 
CFA requires MyD88. Indeed, we know that mycobacteria, the microbial stimulus in 
CFA, trigger IL-12 production via TLR2 and other receptors via MyD88 (chapter 6 and 
302). However, it is perhaps not surprising that no antigen-dependent IFN-y production 

was detected in these mice, since no T cell proliferation was detectable in the MyD88~^“ 
mice. Of course, microbial activation is probably required for optimal T cell priming in 
CFA-challenged mice, but it becomes impossible to separate enhancement of T cell 

priming from T cell differentiation.
A different study demonstrated that the deficiency in cytokine production by 

MyD88~'^" BM-DC in response to LPS correlates with a switch from Thl to Th2 priming in 

vitro (303), The implication is that the MyD88-independent pathway of signalling from 

TLR4 is able to induce Th2-priming signals from DC.

Arguably, since Thl immunity is required for resistance to certain types of 
infection, it is more informative to consider the requirement for MyD88 in such 

infections. Perhaps not surprisingly, MyD88-deficient mice show a very marked 

susceptibility to some model infections. For example, a role for MyD88 was identified for 
resistance to infection by the prototypic intracellular pathogen T.gondii (250). Since IL-12 

induction from DC was also dependent on MyD88, it is likely that Thl responses are 
defective in these mice (250). Of course these experiments do not alone demonstrate a 

specific role for either IL-12 or DC in protective immunity. It is crucial to asses the 

involvement of cells other than DC, that could also respond to in a MyD88-dependent 
manner. Indeed, MyD88"^“ mice were more susceptible to infection with L. monocytogenes 

than IL-12/IL18 double knockout or IFN-y-knockout mice, suggesting that



128

Thl-independent but MyDSS-dependent responses are also important for protection 
against this pathogen (298). It is crucial to remember with such experimental infection 

models that any defect in early pre-adaptive defence could easily result in an 

overwhelming infection that T cell responses could not combat. Before any conclusion 

about the role of MyD88 in Thl responses can be reached, it will be necessary to 

understand what direct protective effects this innate signalling pathway has.

Defects are seen in both Thl immunity and protection against intracellular 

pathogens, which is not inconsistent with a general role for MyD88 in protective Thl 
immunity. Inevitably, the complexity of whole-mouse immunity make it difficult to 

prove that IL-12 production by DC is the root of this deficiency. Thus the general 

importance for protective immunity of MyD88 and TLR expression in different cell types 
such as epithelial cells, neutrophils, macrophages, B cells or DC must be determined.

Why would recognition of diverse microbe components induce the same class of 

immunity?

It is interesting to speculate about why TLR that recognise different microbial 
components should all trigger similar Thl responses. I would argue that it is not 
surprising if some groups of conserved innate receptors all lead to broadly similar 

immune responses, even if the challenges presented by microbes that trigger these 
receptors differ. Conversely, if pathogens are closely related but utilise distinct strategies 

to infect a host, it may not be possible to tailor the type of immunity to a particular 

threat.
For example, closely related bacteria cause pathogenesis by dramatically different 

mechanisms. If the immune protection required to combat these pathogenesis 
mechanisms are different, it is difficult to see how an immune response could ever be 

tailored to that pathogen. Contrast the toxin-forming gram-negative bacteria Vibrio 

cholerae with the many invasive gram-negative Salmonella species that cause paratyphoid 
and typhoid fever. The former colonises the small bowel whereas the latter causes a 

systemic intracellular infection (304). There are differences in the structure of cell walls of 

these bacteria, and these differences could result in triggering of slightly different 

combinations of PRR. However, it is difficult to imagine that such relatively minor 

differences could be linked by innate receptors to induction of protective immunity to 

such polarised forms of infection.

A similar puzzle is posed by the observation that TLR9 can recognise bacterial 

and viral DNA (31,305). How could the same receptor trigger effective anti bacterial and 

anti viral responses? Presumably bacterial DNA is always associated with ligands that 

trigger other TLR. TLR9 may also have a remarkable ability to induce distinct cytokines 

from the same cell when triggered by different DNA sequences (306). Perhaps a more
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likely explanation is that the virus has evolved to deliberately trigger TLR9. Indeed, 
primary herpes virus infection induces a potent CD4^ T cell response. As the virus 

establishes a latent infection in sensory ganglia, this immune response does not prevent 

subsequent transmission of the virus, and it may be beneficial for viral transfer for the 

primary infection to be cleared by the immune system (307).

So is it really likely that the immune system distinguishes' pathogens using toll
like receptors? Perhaps this family of conserved genes contains sub-groups that are all 

involved in recognition of biochemically distinct PAMPs from similar microbes. Thus 
TLR2, TLR4 and TLR9 all recognise components of bacteria (42). Although each of these 

receptors may be fine-tuned to give an optimal response, these receptors recognise 
broadly similar microbes, and must therefore trigger broadly similar immune responses. 
This analysis would predict that TLR3 and TLR7, which are probably required for 

recognition of various forms of nucleic acid (42), might turn out to induce very different 

responses in DC.

Other pathways of innate recognition of microbes

In the current study, I contrasted TLR triggers that induced IL-12 production 

with yeast that induced IL-10 via Syk. Although the mechanism of IL-10 induction and 
the role of IL-10 production from DC in resistance to yeast infection remains to be 

understood (see 4.3.3), these examples may illustrate better the diversity of innate 
receptors and their effects on DC activation, than comparing different TLR within the 
same gene family. However, although it will be important to investigate the role of 

innate immunity to adaptive responses to various infections, it is possible that not all 

classes of infections challenge could be combated with conserved innate receptors.

Biochemically distinct organisms such as prokaryotic bacteria are easy targets for 
eukaryotic immune systems. Not only are structural elements such as cell wall 
lipopeptides biochemically distinct, these are usually required for bacterial survival, and 

are the product of many complex enzymes. Yeast and fungi (particularly commensal or 

environmental species) are also functionally and biochemically distinct from mammalian 

cells.
In contrast with these two groups of infectious agents, viruses and also more 

complex protozoan pathogens may not be good targets for conserved innate recognition. 

It is possible that the spectacular complexity of protozoan parasites allows such microbes 
to avoid triggering conserved innate pathways, and other forms of immune triggering 

may be required. At the opposite end of the complexity spectrum of infectious 

organisms, viruses are rapidly evolving organisms which are biochemically 
indistinguishable from the host cells they replicate in. There seems little chance for 

conserved receptors to evolve to recognise viruses. Perhaps defences such as the rapidly
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evolving polymorphic NK receptor genes are more important for anti viral immunity 
(67). At the same time, there are innate defence mechanisms that restrict viral 

pathogenesis by responding to common features of some viruses, including unusual 

forms of nucleic acid such as dsRNA.

In conclusion, TLR are not the only innate receptors for microbes, and the 

function of non-TLR innate receptors in DC activation such as Syk-dependent IL-10 
induction needs further investigation. Further, defence against many infectious agents 

(particularly viruses and protozoan parasites) may not be linked to conserved germ-line 
encoded innate recognition, but might have driven selection for rapidly changing and 

polymorphic mechanisms.

9.3 DC subsets__________________________________________

I will discuss similarities and differences between different DC subsets relating to 

cytokine production and their responsiveness to direct microbial activation. Microarray 
analysis identified new differentially expressed antigens, and comparison of gene 

expression might suggest that CD4^ DC are closely related to DN DC, whereas CD8a^
DC are a more distinct cell type. It is worth revisiting the phenotypic definition of these 
subsets in the light of functional and phenotypic differences identified in this study. 

Finally, I will discuss how it might be possible to determine the role of individual DC 
subsets in immunity to infection.

9.3.1 Functional properties of DC subsets

All DC subsets identified so far appear to show some degree of flexibility in 
cytokine production and Th cell differentiation ability. This flexibility appears to result 
from the effects of microbial stimulation and endogenous modulation on DC function.

Firstly, all three CDllc'’"®̂‘ spleen subsets can respond directly to a range of 
different microbes (chapter 5). Indeed, CpG induced IL-12 p40 from all these subsets 

plus PDC via MyD88, most likely by triggering the same molecule TLR9 (chapter 7 and 

31). Secondly, each of these subsets makes different cytokines in response to different 

microbes. Thus CD8a"  ̂and DN DC make IL-10 in response to yeast components, and IL- 

12 p70 in response to M. tb. Similarly, CD4^ DC make IL-10 in response to yeast, and no 

IL-10 in response to M. tb components. It cannot be excluded that further heterogeneity 

exists within each subset, although some CD8a^ DC are able to make either IL-12 p40 or 

IL-10. However, each phenotypically defined subset is clearly able to distinguish 

microbes and respond differently according to the PRR triggered. Finally, all three 

CDllc*’"®̂‘ spleen DC subsets could differentially polarise T cells, depending on the 

microbial stimulus (222). Thus even CD4"̂  DC, which cannot make IL-12 p70, primed 

more Thl cells when stimulated with tuberculin PPD.
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The ability for human DC subsets to induce Th differentiation also depends on 

microbial cues. The precedent for distinct DC subset functions in the human is based on 

the ability of mo-DC to induce Thl immunity, in contrast to PDC that drive Th2 

responses (230). However, PDC were shown to drive potent Thl responses and produce 
IL-12 and IFN-I, when stimulated with influenza virus plus CD40L (237). Similarly, mo- 

DC matured with PGE2, S. mansonii or cholera toxin extract induced Th2 cells, whereas 

mo-DC matured with IFN-y, polyLC or pertussis toxin induced Thl cells (211).

As well as this flexibility, common to all DC types, I identified two striking 

functional specialisations of spleen DC. As well as these differences, other functional 

differences have been demonstrated, such as the selective ability of CD8a^ DC to take up 

dead cells (287,288).

Firstly, CD4"̂  DC appear unable to make IL-12 p70 in response to any stimulus 

(chapter 5). I showed that CpG stimulation (via MyD88 and presumably TLR9; figure 7.2 

and 31) leads to IL-12 p70 induction from CD8a^and DN DC but activation with no IL-12 

p70 from CD4^ DC (chapter 5). Further, murine PDC make large amounts of IFN-I, as 
well as IL-12 p70, in response to TLR9 triggering by CpG DNA and viral genomes (305). 
Thus CD4^ DC are unable to make IL-12 p70, and different subsets produce different 

cytokines in response to triggering the same TLR.

Secondly, CD8a^ DC do not express TLR7 and cannot respond directly to R-848 

(chapter 7 and 270). Although TLR3 and TLR5 were also differentially expressed, I could 
not confirm that this reflected selective responsiveness of these cells. Other TLR 

appeared to be expressed in all DC subsets tested, and PDC showed similar TLR 

expression to both CD8a~ CDllc*’"®’’‘ subsets. Although human DC subsets also show 

selective expression of TLR, the pattern of expression differs from the pattern described 
above. Thus differences in TLR4 and TLR9 were shown to have functional significance, 

and differences were seen between PDC and mo-DC.

In conclusion, individual DC subsets appear to show flexibility in their response 

to microbes and can also be profoundly influenced by endogenous factors. At the same 

time, functional specialisation is apparent, and differences in cytokine production and 
PRR expression suggest that these cell types must have distinct functions. The 

significance for this specialisation is not yet clear.
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9.3.2 Gene expression in DC subsets: more is more, or iess is more?

There are two ways of interpreting microarray expression data; firstly they can be 

used as a tool to identify genes of interest, and secondly expression levels of all genes 

can be compared. Analysis of this microarray data revealed several novel phenotypic 

markers for DC subsets. Further, gene expression patterns suggest that these cells differ 

developmentally and in cell surface receptors.

Debate about how useful a new measurement technique can be is inevitable. 

However, gene chip analysis is particularly controversial since some believe that 
analysing the expression of all genes in a cell will lead to a new level of understanding of 

biology. As microarray measurement of gene expression becomes more common, more 
sophisticated mathematics are being applied to attempt to understand the vast quantities 

of data generated. It has been suggested that global' gene analysis is the way to fully 

understand the whole immune system:

"We have p ro b a b ly  i d e n t i f i e d  m ost o f  th e  com ponents o f  th e  
immune sy stem  to  e n a b le  a r e a s o n a b le  re a s s e m b lin g  o f  th e  w hole, 
b u t  we s t i l l  do n o t know how to  p ro c e e d  b e c a u se  we la c k  th e  
u s e r 's  g u id e . To g e n e r a te  t h i s  m anual w i l l  r e q u i r e  a h o l i s t i c  
b i o l o g i c a l  a p p ro a c h ." .  From reference 308.

An opposite but equally polarised viewpoint warns that we should be careful not 

to expect data generation alone to provide answers to biological questions:

"...one o f  th e  m is s io n a r ie s  o f  th e  new f i e l d  h a s  s t a t e d  t h a t  
i t  w i l l  l i b e r a t e  u s  from  th e  ' s h a c k le s  o f  h y p o th e s is -d o m in a te d  
b i o l o g i c a l  r e s e a r c h ' .  In p l a i n e r  w ords, you do n o t have  to  
th in k  anym ore to  do r e s e a r c h .  " . Sydney Brermer discussing gene chip 
analysis (309).

Whichever of these views you prefer, it is absolutely clear that microarrays can 

accurately measure gene expression, and such measurements are useful to identify genes 
involved in many different processes. Thus several recent publications describing 

microarray analysis of dendritic cells focus on the significance for development or 

function of single genes identified by the analysis (167,310).
In this respect, the collaborative analysis of gene expression in DC subsets 

described here identified the selective expression of a number of surface antigens on DC 

subsets (figure 8.2). Notably, CD5, CD22 and CD72 join C D llb  as markers for CD8a~

DC, and CDld and CD81 are novel markers for CD8a"  ̂DC. Of course, these lists of 

differentially expressed genes contain candidates for involvement in various functional 

differences identified between DC subsets, such as restricted IL-12 p70 production.
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Further comparison with other data may identify candidates for genes important for 
other functions of DC (table 8.3).

In addition to these practical benefits, two broad conclusions are suggested by 

analysis of these gene expression data (chapter 8). Firstly, CD8a^ DC appear very 

distinct from the two CD8a" subsets, suggesting that CD4^ and DN DC may represent 

overlapping populations of DC. Secondly, gene ontology analysis of differentially 

expressed genes suggests that DC subsets may differ predominantly in genes implicated 
in developmental processes and in cell-surface linked signalling. In other words, these 

cell types are developmentally and functionally distinct, a conclusion that agrees with 

what we know about CD4^ and CD8a^ DC.

I would conclude that microarray expression analysis is a useful predictive 
technique for identifying differentially expressed genes. Further, the expression data 

generated from such analysis predicts functional information about DC subsets.

9.3.3 Definition of subsets in mouse spieen

Having confirmed that CD8a and CD4 staining identifies functionally distinct 

cell types, it is worth considering if my functional and expression data suggests any 
better definition of these subsets.

The identification of relatively homogeneous CD8a"  ̂DC and PDC populations 

remains straightforward. Crucially, specialised functional properties of these two cell 

types are clear. Thus CD8a^ CDllc*’"®̂  ̂DC can take up dying cells (287,288), and do not 

express TLR7 (chapter 7). PDC have a specialised ability to make high levels of IFN-I in 

response to specific stimuli, such as CpG DNA or soluble polyF.C. Since CD8a 

expression can be upregulated following activation of CD8a" DC, CD205 expression may 

be a better marker of this population (169).
Within CD8a" CDllc^"^^^ the definition is not so clear cut. Microarray analysis 

suggested that the DN and CD4^ subsets have few differences in gene expression 
(chapter 8). On the other hand, CD4 DC cannot make IL-12 p70 but DN DC can (chapter

5). Further, the DN population show heterogeneity for CD5, CD22, CD81 and F4/80 

staining (figure 8.2). Perhaps the relationship between expression of some of these 

markers and IL-12 p70 production might reveal a proportion of DN DC are functionally 

equivalent to CD4^ DC.
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9.3.4 Role of DC subsets in different immune responses

Controversy has raged over the role of DC subsets in the induction of different 

Th responses. However, most of the studies tested unstimulated DC, and it is clear that 

many factors can override their baseline Th polarising ability. Considering the rapid 

modulation of DC function even by isolating these cells, it is perhaps not surprising that 

different conclusions have been reached about the ability of different subsets to influence 
Th cell differentiation (231,232,311). Given such problems associated with comparing 

DC subsets ability to influence Th cell differentiation it is perhaps worth asking a 

different question; what is the role of distinct DC subset populations in resistance to 
particular infections? This question raises practical problems that I will discuss briefly.

Sorting DC subsets and then transferring them back into mice introduces three 

problems. Homing of DC following injection is not representative of the homing of tissue 
DC observed after activation. Also, transfer of antigen from donor cells to endogenous 
DC might occur (277). Finally, simply isolating DC from spleen may have different 
effects on distinct subsets, which could again have consequences for DC function that do 

not reflect the normal behaviour of these cells in vivo.

Depletion of particular subsets presents technical difficulties, but would provide 

a more convincing answer. One study demonstrated a role for CD8a^ DC with an 

unusual depletion approach. While treatment in vivo with a depleting anti-CD8a 
antibody abrogated a protective anti viral NK cell expansion, control depletion of all T 

cells with an anti-Thy-1 antibody had no effect (312). Interestingly, this study suggests a 

role for CD8a"  ̂DC in NK-dependent (i.e. T cell independent) defence. However, it 

would be more difficult to use this approach when studying the role of DC subsets in T 

cell immunity. RelB or ICSBP knockout mice that are developmentally deficient for one 

subset could be used (164,165), but DC that do develop in these mice are also deficient 

for a transcription factor that could have profound effects on their function. For example, 

RelB^ CD8a+ DC were defective for in vitro T cell priming (313). A more elaborate 

genetic approach would be to use transgenic mice utilising cell-specific promotors. For 

example, a 'suicide gene' under the CD llc promotor allows specific deletion of 
C D llc‘’"ŝ>‘ DC (314).

In conclusion, several technical difficulties need to be overcome in order to ask 
the most pressing question about DC subsets; what is the role of these cell types in 

immunity to different infections?
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Microbial Recognition Via Toll-Like Receptor-Dependent and 
-Independent Pathways Determines the Cytokine Response of 
Murine Dendritic Cell Subsets to CD40 Triggering^

Alexander D. Edwards,* Shivanthi P. Manickasingham,* Roman Sporri,* Sandra S. Diebold,* 
Oliver Schulz,* Alan Sher,^ Tsuneyasu Kaisho,** Shizuo Akira,* and Gaetano Reis e Sousa^*

Dendritic cells (DC) can produce Th-polarizing cytokines and direct the class of the adaptive immune response. Microhial stimuli, 
cytokines, chemokines, and T cell-derived signals all have heen shown to trigger cytokine synthesis hy DC, hut it remains unclear 
whether these signals are functionally equivalent and whether they determine the nature of the cytokine produced or simply 
initiate a preprogrammed pattern of cytokine production, which may be DC subtype specific. Here, we demonstrate that microbial 
and T cell-derived stimuli can synergize to induce production of high levels of IL-12 p70 or IL-10 by individual murine DC subsets 
but that the choice of cytokine is dictated by the microbial pattern recognition receptor engaged. We show that bacterial com
ponents such as CpG-containing DNA or extracts from Mycobacterium tuberculosis predispose CDSa'*’ and CD8a~CD4“ DC to 
make IL-12 p70. In contrast, exposure of CD8a^, CD4^ and CD8a~CD4~ DC to heat-killed yeasts leads to production of IL-10. 
In both cases, secretion of high levels of cytokine requires a second signal from T cells, which can be replaced by CD40 ligand. 
Consistent with their differential effects on cytokine production, extracts from M. tuberculosis promote IL-12 production primarily 
via Toll-like receptor 2 and an MyD88-dependent pathway, whereas heat-killed yeasts activate DC via a Toll-like receptor 2-, 
MyD88-, and Toll/IL-IR domain containing protein-independent pathway. These results show that T cell feedback amplifies innate 
signals for cytokine production by DC and suggest that pattern recognition rather than ontogeny determines the production of 
cytokines by individual DC subsets. The Journal o f Immunology, 2002, 169: 3652-3660.

I nduction of an appropriate class of adaptive immune re
sponse is essential for protection from many infections and 
APCs play a critical role in this process. A PC function is 
largely regulated by direct recognition o f pathogens or indirect 

sensing of correlates o f infection such as cell damage or inflam
mation (1). Direct recognition involves AFC-expressed pattern 
recognition receptors (PRRs),^ such as members o f the Toll-like 
receptor (TLR) family (2, 3). Many o f the microbial ligands for 
TLRs have remarkably similar effects on APC, generally charac
terized by the induction o f proinflammatory cytokines and IL-12 
(2, 3). This suggests that TLR recognition may be primarily in
volved in the generation o f inflammatory immune responses and 
that other classes o f PRR involved in the generation of noninflam
matory adaptive immunity await identification. This is further sup
ported by the observation that mice deficient for MyD88, a critical
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adapter in TLR signaling for cytokine production, mount defective 
T hl-type responses but have normal type 2 immune responses (4),

Dendritic cells (DC) are the major APC in the initiation o f adap
tive immune responses, DC can produce Th-polarizing cytokines, 
but it is still unclear how cytokine production by DC is regulated 
and matched to pathogen recognition (1, 5, 6), Given the existence 
of multiple DC subsets, it has been argued that some may be spe
cialized to produce IL-12 and drive T h l responses whereas others 
induce Th2 immunity. In this model, such D C l and DC2 subsets 
possess mutually exclusive sets o f PRR and respond to distinct 
groups o f pathogens (7), This has been shown for human mono
cyte-derived vs plasmacytoid DC (8 -10 ), although at present no 
publications have addressed whether mouse DC subsets also differ 
in PRR expression. An alternative model is that individual DC 
subsets are not necessarily preexisting D C l or DC2 but respond in 
a flexible manner to distinct pathogens and make distinct cytokines 
depending on which PRR are triggered (1, 6, 11).

We have previously concentrated on the mechanisms leading to 
IL-12 production by DC (12, 13), Here, we focus on the roles of 
microbial stimulation and T  cell feedback on production o f two 
opposing cytokines, IL-12 and IL-10, by distinct DC subsets. W e 
demonstrate that production o f high levels o f either IL-12 or IL-10 
by murine splenic DC requires two signals, one from a microbe 
and the other from T  cells. Microbial stimuli can act directly on 
DC via TLR and non-TLR PRRs, whereas T  cell signals can be 
replaced by CD40 ligand (CD40L), but the microbial stimulus and 
not the T  cell signal dictates which cytokine is produced. Impor
tantly, we demonstrate that differential IL-10 and IL-12 production 
by DC is not attributable to the activity o f specialized IL-12- or 
IL-lO-producing DC subsets. Our results support the notion that 
DC subsets possess significant plasticity in their cytokine response 
and show that T  cell feedback signals amplify a program estab
lished by pattern recognition.

Copyright ® 2002 by The American Association of Immunologists, Inc. 0022-1767/02/$02.00
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Materials and Methods
Anim als

Male and female 6- to 10-wk-oid mice were obtained from Charles River 
(Margate, U.K.), Harlan U.K. (Bicester, Oxon, U.K.) or from the breeding 
unit of Cancer Research U.K. (Clare Hall, South Mimms, U.K.). C57B1V6 
(86), BIO.BR, BALB/c, C3H/HeN, and C3H/HeJ mice were used inter
changeably, after determining that the responses studied were strain inde
pendent (not shown). The strain used for each experiment is indicated in 
each figure legend. D O ll.lO  mice (14) on a BALB/c-rciW background 
were bred at Cancer Research U.K.

To analyze DC genetically deficient for MyD88 or TLR2, bone marrow 
chimeras were made by reconstituting lethally irradiated CD4S.1 B6.SJL 
mice with congenic bone marrow from CD45.2 TLR2“ “̂ or MyD88~^“ 
mice on a C57BL/6 X 129 background (15, 16). Control chimeras were 
made with bone marrow taken from control C57BL/6 mice. DC were pu
rified from the spleens of recipients 5 -8  wk after reconstitution (17).

Reagents

Soluble tachyzoite Ag (STAg) was prepared from tachyzoites of the RH 88 
strain of Toxoplasma gondii (12). Zymosan (Sigma, Poole, U.K.) was 
boiled for 30 min and washed twice in PBS. Laboratory cultures of Sac- 
charomyces cerevisiae (strain K700) and Schizosaccharomyces pombe 
(strain 513) were autoclaved and washed twice in PBS. Escherichia coli 
LPS was a gift from Dr. S. Vogel (Uniformed Services University of the 
Health Sciences, Bethesda, MD). CpG-containing DNA was a phosphoro- 
thioate-linked oligonucleotide with the sequence TCC ATG ACG TTC 
CTG ATG CT (18). Purified protein derivative (PPD) of Mycobacterium 
tuberculosis was obtained from Statens Serum Institut (Copenhagen, Den
mark). All microbial stimuli were used at saturation unless otherwise in
dicated. The OVA peptide 323-339 (OVA peptide; ISQAVHAAH 
AEINEAGR), Toll/IL-IR domain containing protein TIRAP peptide, and 
control peptide (19) were made by the Cancer Research U.K. peptide syn
thesis service. Endotoxin levels in all reagents were significantly lower 
than the minimum required for DC activation.

Cells

The cell lines 3T3-CD40L and 3T3-SAMEN (control) were a gift from Dr. 
P. Hwu (National Cancer Institute, Bethesda, MD) and were derived from 
NIH 3T3 by stable transduction with murine CD40L or empty vector.

Spleen cell suspensions were prepared by Liberase Cl (Roche Diagnos
tics, Lewes, U.K.) and Dnase 1 digestion (13). DC-enriched fractions were 
prepared by labeling splenocytes with anti-CD 1 Ic MACS beads (Miltenyi, 
Bisley, U.K.) for 10 min at 4°C, followed by washing and positive selec
tion using LS magnetic columns (Miltenyi Biotec), as described (13). 
Resulting preparations contained 70-95%  CDllc*’"*'” DC. To obtain DC 
subsets, C D l Ic-enriched preparations were further stained with PE-anti- 
CD l Ic, FITC-anti-CD4, and TriColor-anti-CD8o (Caltag, Burlingame, 
CA) and sorted on a MoFlo cytometer (Cytomation, Fort Collins, CO). To 
obtain pure CD45.2^ DC from bone marrow chimeras, CDl Ic-enriched 
splenocytes were stained with PE-anti-CDl Ic and FlTC-anti-CD45.1 and 
sorted for C D l lc '’"*'"CD45.1“ cells, as described (17).

T  cells were purified from the lymph nodes of DO-11.10/rciW mice by 
negative selection of contaminating cells.

D C  cultures and cytokine assays

For in vitro stimulation, MACS-enriched or FACS-sorted DC were cul
tured in 96-well flat-bottom plates alone or on a monolayer of CD40L- 
expressing or control fibroblasts. Cultures were incubated in the presence 
or absence of différent stimuli in RPMI 1640 supplemented with 10% FCS, 
penicillin (100 U/ml), streptomycin (1(X) /rg/ml), glutamine (2 mM), and 
2-ME (5 X 10“ ’ M). Culture supernatants were collected at 18-24 h and 
assayed for the presence of cytokines by sandwich ELISA. Ab pairs were 
(capture, detection): 9A5, C17.8 (biotinylated) for IL-12 p70; JES5-2A5, 
SXC-1 (biotinylated) for IL-10. Cells were recovered in PBS plus 5 mM 
EDTA for FACS analysis.

Antibody staining

For analysis of DC maturation, cells were washed and stained in PBS 
containing 5 mM EDTA, 1% FCS, and 0.02% sodium azide (FACS wash). 
Cells were stained with FlTC-conjugated anti-CD40 or anti-CD86 plus 
PE-conjugated anti-CD 1 Ic in the presence o f 5 /rg/ml anti-FcyRlI/IIl. In 
some experiments, biotinylated anti-CD40 was used, followed by strepta- 
vidin conjugated to an appropriate fluorophore. The mAbs used were: HL3 
and 16-lOAl, hamster IgG mAbs against CDl Ic and CD80, respectively; 
NLDC-145, RM4-5, 53-6.7, 3/23, and G L l, rat IgG2a mAbs against DEC-

205, CD4, CD8a, CD40, and CD86, respectively; JES5-2A5, rat IgGl 
neutralizing mAb against IL-10; A20, mouse lgG2a mAb against CD45.1. 
All mAbs were from BD PharMingen (San Diego, CA) or produced in 
house.

Single cell staining for IL-10 was performed using the mouse IL-10 
secretion assay kit (Miltenyi Biotec). CDl Ic-enriched spleen cells were 
divided into two fractions. One half was stained with FITC-anti-CDl Ic and 
kept live; the remainder was stained with TriColor-anti-CDl Ic and then 
fixed by treating with 1% paraformaldehyde in PBS for 10 min at room 
temperature, followed by quenching with 1 mM glycine in PBS. A 1:1 
mixture of live and fixed cells in medium was then cultured with control 
fibroblasts or with zymosan (50 /tg/ml) plus CD40L-expressing fibroblasts 
for 4 h in 24-well plates. Cells were harvested and coated with anti-IL-10 
capture reagent, then recultured at 2.5 X 10* DC/well in six-well plates 
with fresh fibroblasts ±  zymosan stimulation as above. After 60-100 min, 
cells were harvested once more, washed in PBS containing 2 mM EDTA 
plus 1% FCS, and stained with PE-conjugated anti-IL-10 (Miltenyi Biotec) 
and APC-anti-CD8o.

Intracellular staining for IL-12 was performed as described (13; using 
anti-IL-12 p40 (clone C17.15.10), anti-IL-12 p70 (clone 9A5) or a mixture 
of isotype-matched RtIgG2a and RtlgG2b irrelevant control Abs, followed 
by biotinylated mouse anti-rat (Jackson ImmunoResearch Laboratories, 
West Grove, PA) and PE- or APC-streptavidin (BD PharMingen).

Cell acquisition was performed on a FACSCalibur flow cytometer (BD 
Biosciences, San Jose, CA), and data were analyzed using FlowJo software 
(Tree Star, San Carlos, CA).

Results
Activation o f  D C  by microbial stimuli

Several microbial stimuli were tested for their ability to act as 
activators o f primary mouse DC in vitro. DC-enriched spleen cells 
were plated with or without test stimuli, and expression of the 
activation markers CD40, CD80, and CD86 was measured on 
CD llc*’"®*’' cells after overnight culture. Culture alone was suffi
cient to induce up-regulation o f CD40, CD80, and CD86 (not 
shown). Nevertheless, a wide range of products from bacteria, 
fungi, or protozoa were able to increase CD40, CD80, and CD86 
expression further (Fig. 1). They included mycobacterial PPD, 
heat-inactivated yeasts {Saccharomyces cerevisiae, S. pombe) and 
zymosan (yeast cell walls), as well as established murine DC ac
tivators such as STAg (12) and CpG-containing DNA oligonucle
otides (CpG DNA) (Fig. 1). All test agents induced CD40, CD80, 
and CD86 up-regulation to a similar extent in DC from control 
C3H/HeN- and TLR4-deficient C3H/HeJ mice, demonstrating that 
they did not contain endotoxin (data not shown).

A A .A
A A . A

J \ A . A
A A A
J(\ . A

PPD
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CpG

— CD86 — — CD40 — — CD80 —

FIGU RE 1. DC activation by different microbial stimuli. CDl Ic-en
riched B6 or BALB/c spleen cells were cultured overnight with the indi
cated agents and then stained for CD 11 c, CD40, CD80, or CD86 and an
alyzed by flow cytometry. Histograms show gated CDl ic*’"*'” cells. 
Increased CD40, CD80, and CD86 expression was seen on DC cultured 
with test stimuli (solid lines) vs medium alone (dotted line). Doses: CpG 
DNA, 1.5 jug/ml; STAg, 5 p,g/ml; S. pombe, 2 X 10* particles/well; zy
mosan, 50 p^g/ml; PPD, 10 jug/ml. Data shown are from multiple experi
ments. Similar results were seen in more than four experiments performed 
with each stimulus in various mouse strains.
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M icrobial stimuli dictate the cytokine response o f  DC to CD40 
triggering

STAg and CpG DNA by themselves elicited modest levels of 
IL-12 p70 ( < I  ng/ml) but no IL-10 from DC-enriched splenocyte 
populations (Fig. 2A). However, little accumulation o f IL-12 p70 
or IL-10 in culture supernatants was seen in response to any of the 
other stimuli (Fig. 2A, top). Because IL-12 p70 production by DC 
is markedly dependent on a second T cell-derived signal (13), we 
assessed the effect o f CD40 coligation on the cytokine response. 
Culturing DC-enriched splenocytes on a monolayer o f CD40L- 
expressing fibroblasts was sufficient to induce low levels o f IL-12 
p70 and IL-10 (Fig. 2A). Addition o f STAg and CpG DNA caused 
a significant increase in IL-12 p70 but not in IL-10 levels (Fig. 2A, 
bottom). Similar results were obtained with PPD, although IL-12 
p70 production in response to PPD was consistently lower than to 
STAg or CpG DNA (Fig. 2A, bottom). In contrast, the combination 
o f zymosan or S. pom be  together with CD40L led to an increase 
primarily in IL-10 (Fig. 2A, bottom). Similar induction of IL-10 
was seen with a pathogenic yeast, Candida albicans, in combina
tion with CD40L (data not shown). Neutralizing Ab to IL-10 did 
not increase the levels o f IL-12 p70 in response to CD40L plus 
yeasts or zymosan (see below). When IL-12-promoting stimuli 
(e.g., CpG DNA) and IL-lO-promoting zymosan were combined in 
the presence o f  CD40L, there was a significant decrease in IL-12 
production (Fig. IB ), consistent with the known ability o f IL-10 to 
suppress IL-12 synthesis, and a slight decrease in IL-10 production 
(Fig. 28). These results demonstrate that CD40 triggering in DC  
does not inevitably lead to IL-12 synthesis but can reveal produc
tion o f IL-10.

T o examine whether physiological levels o f T  cell feedback sig
nals could substitute for CD40L-expressing fibroblasts, naive TCR 
transgenic T  cells were cultured with DC-enriched populations ±

Ag in the presence o f IL-12- or IL-lO-promoting stimuli, in the 
absence o f microbial stimuli, IL-12 p70 or IL-10 levels were low 
or undetectable even after T  cell activation by Ag (Fig. 2C). Mi
crobial stimulation in the absence o f Ag elicited only low levels o f 
IL-12 p70 or IL-10. However, in the presence of OVA peptide, the 
yeasts triggered accumulation of IL-10 but not o f IL-12 p70, 
whereas the opposite was seen with PPD and STAg (Fig. 2C). As 
expected, cytokine accumulation in supernatants was Ag dose de
pendent (Fig. 2 Q .  These results using naive T  cells agree with the 
data obtained with CD40L-expressing fibroblasts. However, anti- 
CD40L did not entirely block the effect o f T  cells in this system (R. 
Sporri and C. Reis e Sousa, unpublished observations), implying 
that other m olecules expressed by naive T  cells after activation can 
also provide feedback signals to amplify DC cytokine production. 
Inclusion of the microbial stimuli did not affect subsequent T  cell 
proliferation although it had marked effects on Th differentiation 
(S. P. M anickasingham, A. D. Edwards, and C. Reis e Sousa, 
manuscript in preparation).

D irect recognition o f  m icrobes by D C  via TLR-dependent and  
-independent pathways

The use of partially purified DC preparations in the experiments 
described above raised the possibility that the measured cytokines 
were produced by contaminating leukocytes or indirectly by DC in 
response to signals made by the contaminating cells. To address 
this issue, C D llc*’"®*’* pure DC were sorted by FACS and stimu
lated with microbial products in the presence o f CD40L-express- 
ing fibroblasts. Purified DC responded to CpG DNA and PPD by 
producing IL-12 p70 but only small amounts of IL-10, whereas the 
converse was seen with zymosan (Fig. 3, A and B). These results
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FIG U R E 2. CD40L or T cell feedback leads to production of either IL-12 p70 or IL-10 by DC following microbial activation. A, CDl Ic-enriched 
BALB/c spleen cells (70% DC; 4 X lOVwell) were cultured overnight on a monolayer o f CD40L-expressing or control fibroblasts together with D e 
activating agents. Doses: STAg, 5 p-g/ml; CpG DNA, 1 fig/ml; PPD, 10 p.g/ml; zymosan, 10 p,g/ml; S. pombe, 10  ̂ particles/well. B, DC as in A were 
cultured on a monolayer of CD40L-expressing fibroblasts together with CpG DNA (1 p.g/ml) and/or zymosan (10 /zg/ml). C, DC as in A were cultured 
with D O ll.lO  naive T cells (2 X lO’ total cells/well; DC:T cell ratio, 1:1) in the presence or absence of STAg (1 p-g/ml), PPD (5 pg/m]), or S. pombe 
(8 X 10" particles/well). OVA peptide was added as indicated, and the cells were cultured overnight. IL-12 p70 and IL-10 in culture supernatants were 
measured by ELISA. Histograms represent the mean of triplicate wells; all error bars are shown and represent I SD from the mean. N.D. (not detectable) 
indicates that the value was below the detection limit of the ELISA (<100 pg/ml IL-12 p70, <1(X) pg/ml IL-10). Data are representative of more than four 
experiments for each stimulus with CD40L-expressing fibroblasts and of three experiments with T cell feedback and with mixtures of stimuli.
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FIG U R E  3. TLR2 and MyD88 are required for the IL-12 p70 response to PPD, but the response to zymosan is TLR independent. C D l Ic*’"*'” CD45.1 '  
donor-derived spleen DC were purified from radiation chimeras of B6.SJL (C D 45 .I^) mice reconstituted with bone marrow from CD45.2* M y D 8 8 " '\  
T L R 2 " '" , or control B6 mice. A, Purified M yD 88"'~  or control DC were cultured overnight at 3 X lO^/well with the indicated stimuli on a monolayer 
of CD 40L-expressing fibroblasts. Cytokine levels in supernatants were measured by ELISA after 24 h. B, Similar to A but comparing TLR2 vs B6 DC. 
Doses: CpG. I /i-g/ml; PPD, 20 /cg/ml; zym osan, 10 /xg/ml. C, CD40 and CD86 expression on M y D 8 8 " '“ or control DC was analyzed by flow cytometry 
after overnight culture with the indicated stimuli. D, C D l Ic-enriched BALB/c splenocytes (90% DC; lO^/well) were pretreated for I h with 10 /j.M TIRAP 
or control peptide. Cells ±  peptides were stimulated overnight with zymosan (10 /zg/ml) on CD40L-expressing fibroblasts and analyzed for IL-10 
production {left)- As a positive control, the same cells ±  peptides were stimulated overnight with LPS (0.5 ng/ml), and CD86 expression on DC was 
analyzed by flow cytometry (right). MFI, Median fluorescence intensity of gated CD l Ic*'"*'" cells. Histograms represent the mean of triplicate wells; all 
error bars are shown and represent I SD from the mean. N.D., not detectable. Data are representative of two experiments with M yD88"'~ DC, three 
experiments with TLR2 ' DC, and two experiments with TIRAP-peptide. KO, Knockout.

dem onstrate that DC them selves can directly recognize and dis
crim inate am ong microbial stim uli and can produce either IL-10 or 
IL-12 in response to the appropriate com bination o f signals.

M yD88 is a critical adapter for the transduction o f signals from 
many TLRs, including TLR9 and TL R 2, which have been im pli
cated in innate recognition of CpG DNA and zym osan, respec
tively (2 0 -2 2 ). We exam ined w hether M yD88 was required for the 
response to CpG DNA, PPD, or zym osan. M yD88-deIicient DC 
were purified from the spleens o f m ice reconstituted with bone 
m arrow  from M yD88~^“ mice and were com pared with DC pu
rified from  control chim eras (see M aterials and M ethods). As 
shown in Fig. 3A, M y D 8 8 " '"  DC did not m ake IL-12 p70 in 
response to CpG DNA and PPD plus C D 40L. In contrast, M yD88 
deficiency did not affect the IL-10 response to zym osan plus 
C D 40L (Fig. 3A). Likewise, the up-regulation of CD 40 or CD 86 in 
response to zym osan alone was M yD88 independent although, as 
expected, this adapter was critical for the response to CpG DNA 
(Fig. 3C). A sim ilar com parison revealed  that TLR2 was also not 
necessary for IL-10 production in response to zym osan plus 
C D 40L (Fig. 3Zf). However, T L R 2 ~ '~  DC m ade significantly 
low er levels o f IL-12 p70 in response to PPD plus CD 40L (Fig. 
3/i). T his was not due to a general defect in the ability o f such DC 
to m ake IL-12 p70 because the sam e cells m ounted a normal re 
sponse to CpG DNA (Fig. 3B).

An additional adapter in TLR signaling, TIRAP/M.AL, has been 
described (19, 23). As expected, a TIR A P-inhibitory peptide but 
not a control peptide containing the reversed TIR A P sequence (19) 
abrogated the LPS-induced up-regulation of C D 86 by DC (Fig. 
3/7). H ow ever, the TIRA P-inhibitory peptide did not affect yeast 
conditioning for IL-10 production (Fig. 3D). These results dem 

onstrate that TL R 2 and M yD88 signaling m ediate PPD condition
ing o f DC for C D 40-triggered IL-12 p70 production but suggest 
that TLR signaling is not involved in conditioning by yeasts for 
IL-10 production.

Plasticity o f  D C  subsets

Spleen DC contain several subsets, which may possess distinct 
abilities to produce cytokines (24, 25). W e addressed the ability of 
three of these subsets to m ake IL-10 vs IL-12. Hom ogeneous pop
ulations of C D IIc*'"**''C D 8a+, CD 4 + , and C D 8 a “ C D 4 - (dou
ble-negative; DN) DC were isolated by cell sorting (Fig. 4A). In 
the presence o f control fibroblasts, all DC subsets produced only 
negligible am ounts o f IL-12 p70 or IL-10 (not shown). C oculture 
with C D 40L-expressing fibroblasts alone was sufficient to increase 
the basal production o f IL-12 p70 by C D 8 a ^  DC and o f IL-10 by 
all subsets (Fig. 4fi). N onetheless, basal cytokine levels were 
m arkedly altered by addition o f a microbial costim ulus. C D 8 a^  
and DN DC produced prim arily IL-12 p70 in response to CpG 
DNA, STAg, or PPD in com bination with C D 40L although DN 
DC produced less IL-12 p70 than C D 8 a "  DC (Fig. 4S). Both 
C D 4“  subsets also increased production o f IL-10 in response to 
the com bination o f zym osan or S. pom be  plus CD 40L (Fig. 4B). 
This was less obvious for C D 8a"' DC, which displayed the highest 
level of basal IL-10 (and IL-12 p70) production in response to 
CD 40L alone but rem ained statistically significant {p  <  0.01) 
(Fig. 4B). Zym osan also triggered a small am ount of IL-12 p70 
production by C D 8 a^  DC in some experim ents (Fig. 4B). Inter
estingly, C D 4^ DC failed to m ake IL-12 p70 in response to any 
stim ulus although they responded to yeast or zym osan plus CD 40L 
by producing high levels o f IL-10 (Fig. 4B).
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F IG U R E  4. Differential cytokine production by individual DC subsets. 
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profile of each population; numbers show the percentage of events corre
sponding to CD l Ic^"^^' cells. Dot plots show CD4 vs C D 8a profiles of 
C D Ilc*’"*'” cells, gated as indicated on the histograms. B. DC subsets 
sorted as in A were plated at 4 X lO'* cells/well on a monolayer of CD40L- 
expressing fibroblasts with the indicated microbial stimuli. After overnight 
incubation, IL-10 and IL-12 p70 levels in supernatants were measured by 
ELISA. Doses: CpG DNA, I /ig/m l; STAg, 5 p.g/ml; PPD, 10 ;xg/ml; 
zym osan, 10 /zg/ml; S. pombe, 5 X lO"* particles/well. Histograms repre
sent the mean of triplicate wells; all error bars are shown and represent I 
SD from the mean. Data are representative o f seven independent 
experiments.

IL-10 secretion by CDSa'*' DC has not previously been re
ported. To assess the frequency o f IL-IO-producing CDSa'* DC, 
we used a staining m ethod involving IL-10 capture by cell surface- 
bound Abs followed by detection with a second anti-IL-10 Ab 
conjugated  to a fluorophore (see M aterials and M ethods). To con
firm that the staining method identified only those cells producing 
IL-10 and not C D Sa* DC that passively captured cytokine se
creted by neighboring cells, the experim ents were conducted with 
a m ixture o f live and fixed DC; 2 0 -3 0 %  o f live CDSa*' DC 
staitied for IL-10 after zym osan plus C D 40L stim ulation, whereas

fixed CDSa'* DC in the same cultures did not stain for the cytokine 
(Fig. 5A). H ow ever, both live and fixed cells could be stained to 
the same extent if incubated with exogenous IL-10 (Fig. 5A). In all 
cases, there was no staining above background when the capture 
reagent was om itted (not shown). These controls dem onstrate that 
IL-10 staining in live cells accurately reflects cytokine production 
by individual CD Sa'* DC and, under the conditions used here, is 
not m arred by paracrine effects. To determ ine the frequency of 
C D S a ”* DC producing IL-12, intracellular staining was conducted 
for the p40 subunit after stim ulation with CpG plus CD40L. C om 
pared with baseline staining with an isotype-m atched control Ab, 
essentially all C D Sa'* DC stained for IL-12 p40 (Fig. 5B). In other 
experim ents, —15% of CD Sa'* DC could also be stained for the 
bioactive heterodim er, IL-12 p70 (Fig. 5/7).

U nlike C D Sa'* DC, CD4'* DC were unable to produce IL-12 
p70 (Fig. 4B). T o  determ ine whether this was due to autocrine 
effects o f IL-10, DC subsets were cultured on C D 40L-expressing 
fibroblasts in the presence o f neutralizing anti-IL-10 Ab. Anti- 
IL-10 led to an increase in IL-12 p70 production by both C D S a*  
and DN DC in response to PPD, which served as a positive control 
for neutralizing activity. H owever, IL-10 neutralization did not 
reveal the ability o f CD4* DC to make IL-12 p70 (Fig. 6). Anti- 
IL-10 also did not change the nature of the response to zym osan or 
S. pom be  in that the yeasts still failed to condition mixed DC 
populations o r the C D S a  * and DN DC to make IL-12 p70 (Fig. 6). 
These results confirm  that both C D Sa* and DN DC are able to 
produce either IL-12 or IL-10 and show that IL-10 is not respon
sible for the lack o f IL-12 secretion by CD4*^ DC.

Differential responses to m icrobial stim ulation are not 
attributable to quantitative differences in D C  subset activation

Differences in the cytokine response o f DC subsets to yeasts vs 
IL -I2-prom oting  stim uli could conceivably arise from quantitative 
differences in DC activation. In that scenario, the degree rather 
than the quality o f DC activation might determ ine IL-12 p70 vs 
IL-10 production in response to CD 40 cross-linking. This could be 
especially relevant because cytokine secretion requires C D40 sig
naling and CD 40 expression is altered by the microbial stim ulus 
itself (Fig. I). To  exam ine whether the quantity o f DC activation 
affected cytokine production, we chose two prototype IL-12 p70- 
and IL-IO -prom oting stim uli (PPD and zym osan, respectively) and 
exam ined their ability to I) induce up-regulation o f CD40 and 
CD 86 and 2) prom ote IL-12 and IL-10 production across a whole 
dose-response range. There were no obvious differences am ong 
DC subsets in sensitivity to either zym osan or PPD in terms o f 
CD86 up-regulation, although C D 8a* ' DC were more sensitive to 
PPD than either CD4* or DN DC when assessed for CD 40 ex 
pression (Fig. 7A). Im portantly, PPD conditioned CD8a*^ and DN 
DC to make IL-12 p70 across the entire dose range (Fig. 7/i). 
Sim ilarly, zym osan conditioned all three subsets of DC to produce 
IL-10 at all doses (Fig. IB ). The fact that at no point in the dose- 
response did PPD becom e an IL-10 inducer or zym osan becom e an 
IL -I2-prom oting  stim ulus (Fig. IB ), dem onstrates that qualitative 
rather than quantitative differences in microbial recognition lie at 
the heart o f differential cytokine responses by D C subsets.

Discussion
Cytokines m ade by APC play a critical role in responses to infec
tion. Here, we dem onstrate four distinct features o f cytokine pro
duction in m urine DC. 1) The activation of individual DC subsets 
does not result in a preprogram m ed pattern o f cytokine secretion; 
it can lead to IL-10 or IL-12 production by C D 8 a  * and DN DC 
and to IL-10 production or lack thereof by CD4*^ DC. 2) Cytokine
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F I G U R E  5 .  Single cell staining of CDSa*^ DC for IL-10 and IL-12. A, A 1.1 mixture of labeled live and fixed CD l Ic-enriched C3H/HeJ spleen cells 
was cultured with either control fibroblasts or zymosan (50 p.g/ml) plus CD40L-expressing hbroblasts as indicated. Cells were assessed for 11.-10 production 
as detailed in Materials and Methods and analyzed by flow cytometry. Left, Dot plots show IL-10 vs forward scatter profiles of gated C D 8o 'C D l Ic* DC 
(FITC*TC for live or FITC TC* for fixed). Right, The same mixture of live and fixed DC was coated with IL-10 capture reagent and incubated ± 
exogenous IL-10 (lOng/m l) and then stained with anti-IL-10 and CDSor; histograms show IL-10 staining of C D llc * C D 8 a *  DC gated as above. B, 
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counterstained for C D l Ic. DEC-205, and C D 8a and analyzed by flow cytometry. Dot plots show IL-12 vs forward scatter profiles of C D 8a* DEC- 
205 'C D l I c '  cells. C, Similar to B. using cells from BALB/c mice and staining for IL-12 p70. Dot plots show IL-12 vs forward scatter profiles of C D 8a ' 
C D l Ic* cells. Data for A -C  are representative o f three to four independent experiments.

production can be dictated by direct m icrobial recognition. M icro
bial structures from  Toxoplasma  and M ycobacieritim  or CpG -con- 
taining D NA condition DC to m ake IL-12 p70. In contrast, heat- 
killed yeasts (brew ers’ yeast, fission yeast, C. albicans) or yeast 
derivatives (zym osan) condition DC to m ake prim arily IL-10. 3) 
Differential conditioning is dependent on distinct PRR; PPD and 
CpG DNA act through TLRs and an M yD88-dependent pathway, 
whereas yeasts act via a TL R -independent pathway. 4) PRR sig
naling results in lim ited cytokine production unless is it followed 
by signals from  T  cells which am plify DC activation but do not 
alter the type o f cytokine that is made.

TL R s have em erged as key players in DC activation (2, 3). 
C onsistent with this notion, the IL -l2 -p rom oting  effects o f PPD 
and STAg are absolutely dependent on signaling via M yD88 (Fig. 
3 and Ref. 26). PPD contains traces o f bacterial DNA, and som e of 
its IL -12-prom oting activity can be rem oved by DNase treatm ent 
(A. D. Edw ards and C. Reis e Sousa, unpublished observations). 
H ow ever, m ost o f the DC response to PPD appears to be due to 
TL R 2 triggering (Fig. 3(7), consistent with the fact that this TLR is 
involved in recognition of m ycobacterial lipoarabinom annan and 
m annosylated phosphatidylinositol (27-29). TLR2 has also been 
im plicated in the activation o f m acrophages by zym osan (21, 22). 
Given that DC express functional TLR2 (as determ ined by its in
volvem ent in PPD recognition), it is therefore surprising that zy
m osan failed to condition DC for IL-12 production even when 
IL-10 was neutralized (Fig. 6). It is possible that zymosan recog
nition in m acrophages involves heterodim erization with another 
TLR, which is not expressed on mouse DC. A lternatively, recog
nition o f zym osan by an IL-lO -prom oting PRR on DC is dom inant 
over TL R 2 recognition o f the same particle and overwhelm ingly

conditions the cells for IL-10 production. Indirect support for this 
hypothesis com es from two observations: I) in som e experim ents, 
the com bination o f zym osan plus C D 40L slightly increased the 
level o f IL-12 production com pared with C D 40L alone (e.g. Fig. 
4B)-, 2) T L R 2“ '~  DC reproducibly m ade more IL-10 in response 
to zym osan plus C D 40L than controls, as if the IL-IO-promoting 
PRR was now acting unopposed (Fig. 3B). The identity o f the 
IL-IO-prom oting PRR for yeasts on DC is unknown at present, but 
it is unlikely to belong to the TLR fam ily as it does not signal via 
M yD88 or T IR A P /M A L  (Fig. 3). This would be consistent with 
the notion that TLR signaling is involved prim arily in induction of 
IL-12 and type I adaptive im m une responses (4).

W e have previously suggested that CD 40 signaling in DC acts 
to amplify innate signals for IL-12 production (13). Here, we show 
that CD 40L is ju st as critical for am plifying IL-10 secretion (Fig. 
2). This may seem  contrary to the prevalent view that C D40 sig
naling leads to IL-12 production by DC (30, 31). H ow ever, CD40 
signaling also induces IL-10 in m onocyte-CSF-prim ed m onocytes 
(32) and in hum an m onocyte-derived DC exposed to glucocorti
coids (33). Furtherm ore, our data fit with recent experim ents show 
ing that CD40 expression by bone m arrow -derived DC is critical 
for prim ing o f a Th2 response to Schistosom a m ansoni eggs (34). 
Thus, CD 40L and other T  cells signals appear to act as neutral 
amplifiers that are critical for execution o f cytokine production 
program s initiated by pattern recognition. Indeed, analysis o f a 
large panel o f IL -I2-prom oting  stimuli shows that, like PPD, most 
trigger production o f the IL-12 p40 subunit but induce little IL-12 
p70 until com bined with CD 40L (A. D. Edwards and C. Reis e 
Sousa, unpublished observations). Apparent exceptions arc CpG 
DNA and STAg, which can induce production o f bioactive IL-12
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FIGURE 6. Lack of IL-12 p70 production in response to zymosan plus 
CD40L is not due to suppression by IL-10. CDl Ic-enriched cells (90% 
DC; 4 X lOVwell) or sorted DC subsets (5 X lOVwell) from B6 mice were 
cultured overnight on CD40L-expressing fibroblasts with the indicated mi
crobial stimuli in the presence o f 10 /zg/ml o f a neutralizing anti-IL-10 
mAb or a control rat IgGl of irrelevant specificity. IL-12 p70 levels in 
supernatant were measured by ELISA. Doses: PPD, 10 fig/ml; zymosan, 
20 fig/ml; and S. pombe, 1 X 10*particles/well. Histograms represent the 
mean of triplicate wells; all error bars are shown and represent 1 SD from 
the mean. N.D., Not detectable. Data are representative of five experiments 
with CDl Ic-enriched cells and two experiments with sorted subsets.

p70 by murine C D 8 a^  and DN DC in the absence o f T cell signals 
(Fig. 2 and Refs. 12, 13). However, CD40 ligation still increases 
greatly IL-12 p70 production in response to these two stimuli (Fig. 
2 and Ref. 13).

The ability o f microbes to influence production of IL-12 or 
IL-10 is not without precedent. Gram-negative bacteria preferen
tially induce IL-10 production in monocytes, whereas Gram-pos
itive bacteria induce IL-12 (35). A recent report shows that a pro
tein from Bordetella pertussis induces IL-10 production in DC 
(36). However, our use of inactivated microbes and microbial ex
tracts as tools to dissect DC biology raises the question o f whether 
our findings are o f significance to natural infections with intact

organisms. Production of IL-12 by DC in response to STAg, PPD, 
or CpG DNA has obvious implications for the development of 
protective type I immune responses to Toxoplasma, M ycobacte
rium, and other bacteria. The significance of IL-10 production in 
response to heat-killed yeasts is less clear. Protection from murine 
and human candidiasis involves primarily T hl-b iased  responses, 
even though a role for IL-10 has been suggested (37). Live Can
dida yeasts trigger IL-12 production by splenic DC (38), and live 
recombinant yeasts elicit IL-12 production by bone marrow-de
rived DC (39). Thus, conditioning of DC for IL-10 production in 
our experiments could reflect preferential destruction by heat treat
ment of IL-I2-inducing yeast components.

It has been argued that different DC subtypes are specialized to 
make different cytokines and drive distinct forms of T  cell differ
entiation (7). In support of this notion, human blood contains 
monocytes and plasmacytoid cells that can generate distinct D Cl 
or DC2 that prime T h l or Th2 responses, respectively (40). These 
cells also express distinct TLR repertoires and respond to different 
microbial stimuli (8 -10). In mouse, C D 8 a^  and C D 8a~  subsets 
o f spleen DC differ in their ability to make IL-12 in vitro and in 
vivo and to prime T h l and Th2 responses in vivo (12, 13, 24, 25, 
41, 42). However, there is also evidence that individual DC types 
are not necessarily precommitted D C l or DC2. In both mice and 
humans, the ability of DC to produce IL-12 p70 and prime T h l 
responses can be modulated by exposure to cytokines (24 ,43 , 44). 
In addition, mouse DC can produce either IL-12 or IL-4 in re
sponse to different forms of the fungus C. albicans and direct Thl 
or Th2 development (38). Similarly, murine bone marrow-derived 
DC treated with LPS or Gram-negative bacteria preferentially 
prime T h l responses while cells exposed to certain worm products 
direct Th2 development (34, 45). In the human system, pathogen 
products have also been shown to dictate the cytokine producing 
and Th-skewing capacity o f monocyte-derived DC (46). Even so- 
called DC2 plasmacytoid cells can make IL-12 in response to CpG 
DNA plus CD40L (9) and can prime T h l responses after exposure 
to viruses (47, 48), arguing that their Th2-directing ability is not 
hardwired. Consistent with the notion o f flexibility, here we show 
that DN and CDSa"^ DC subsets have a choice o f effector cyto
kines. It remains possible that these DC subsets are heterogeneous 
and contain DC precommitted to either IL-12 p70 or IL-10 pro
duction. However, using single-cell staining methods, we were

FIGURE 7. Differences in cytokine produc
tion induced by zymosan and PPD are dose in
dependent. Sorted B6 DC subsets were cultured 
overnight with varying doses of PPD or zymo
san and analyzed for surface marker up-regu
lation or cytokine production. A, Sorted DC 
subsets (6 X 10‘*/weil) were cultured with the 
indicated concentrations of PPD or zymosan. 
Duplicate wells were pooled, stained for 
CD l ie ,  CD40, and CD86 and analyzed by 
FACS. Mean fluorescence indices (MFI) are 
expressed as fold increase over medium alone 
(••—). B, DC subsets (6 X lOYwell) were cul
tured overnight on a monolayer of CD40L-ex- 
pressing fibroblasts with serial dilutions of PPD 
or zymosan, and supernatants were analyzed 
for IL-12 p70 and IL-10 by ELISA. Top con
centrations were 40 /ig/ml for PPD and 10 
/zg/ml for zymosan; cytokine production with 
CD40L alone is indicated as 0. Data are the 
mean of duplicate wells (triplicate for 0). All 
error bars are shown and represent I SD from 
the mean. Data are representative of three in
dependent experiments.
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able to show that up to 30% of C D 8 a ^  DC could produce IL-10 
when given zymosan plus CD40L (Fig. 5/4), and > 90%  of CDSa"^ 
DC could make IL-12 p40 in response to an appropriate combi
nation of stimuli (Fig. 5B  and data not shown). Therefore, we 
suppose that at least 15-20%  of C D 8 a ^  DC are bipotential for 
IL-10 and IL-12 p40 production. This is probably an underesti
mate, as the staining method for IL-10 involves cell resuspension, 
which disrupts continued CD40 engagem ent and stops cytokine 
synthesis (A. D. Edwards and C. Reis e Sousa, unpublished ob
servations). W hether bipotentiality extends to IL-12 p70 produc
tion could not be unambiguously determ ined as only up to 15% of 
CD8or^ DC can be stained for the cytokine (Fig. 5). However, 
IL-12 p70 is produced at 10- to 50-fold lower levels than IL-12 
p40 (49) even after CD40-dependent up-regulation o f IL-12 p35 
(13) and is extremely difficult to detect by staining. Therefore, 
again, our staining is likely to provide only a gross underestimate 
o f the true frequency of IL-12 p70-producing cells. Thus, we favor 
the notion that most C D 8 a^  and DN DC have the potential to 
produce alternative cytokines in response to distinct stimuli. This 
does not exclude the possibility that some DC subsets may have 
functional specializations, exemplified by the apparent inability 
o f C D 4^ DC to produce IL-12 p70 in response to a large panel 
o f stimuli (Figs. 4, 6, and 7 and data not shown), also seen by 
Hochrein et al. (25). C D 4^ DC represent ~ 5 0 %  of splenic DC and 
constitute the majority o f DC in the C D 8 a “  fraction, which may 
underlie the observed tendency of C D 8a “ DC to induce Th2 
responses (24, 41, 42). However, even C D 4^ DC do not have a 
prewired response to activation: they are activated to a similar 
degree by zymosan and PPD as measured by CD40 and CD86 
up-regulation, yet zymosan conditions the cells to make IL-10 
whereas PPD does not (Fig. 7). Altogether, these results suggest a 
model in which all DC irrespective o f subset can behave as flexible 
APC. The fact that innate signals and T cell feedback are both 
necessary and sufficient for cytokine production by all DC subsets 
can, therefore, explain Th polarization by these APC without in
voking the participation o f third-party cells or cytokines.
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Toll-like receptor expression in murine DC subsets: 
lack of TLR7 expression by CD8a  ̂DC correlates 
with unresponsiveness to imidazoquinolines
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Toll-like receptors (TLR) recognize microbial and viral patterns and activate dendritic cells 
(DC). TLR distribution among human DC subsets is heterogeneous: plasmacytoid DC (PDC) 
express TLR1, 7 and 9, while other DC types do not express TLR9 but express other TLR. 
Here, we report that mRNA for most TLR is expressed at similar levels by murine splenic DC 
sub-types, including PDC, but that TLR3 is preferentially expressed by CDSa* DC while 
TLR5 and TLR7 are selectively absent from the same subset. Consistent with the latter, TLR7 
ligand activates CDBa" DC and PDC, but not CDSa* DC as measured by survival ex v/Vo, up- 
regulation of surface markers and production of IL-12p40. These data suggest that the 
dichotomy in TLR expression between plasmacytoid and non-plasmacytoid DC is not con
served between species. However, lack of TLR7 expression could restrict the involvement of 
CDSa* DC in recognition of certain mouse pathogens.
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1 Introduction

Recognition of infection by APC is the primary trigger for 
the initiation of adaptive immune responses. Among sev
eral strategies to sense infection, APC use cell-bound 
pattern-recognition receptors (PRR) that recognize 
conserved microbial structures and signal the cells for 
activation [1]. Toll-like receptors (TLR) have emerged as a 
major family of PRR, recognizing a wide spectrum of pat
terns ranging from bacterial and yeast cell wall compo
nents through nucleic acids to protozoan lipoproteins [1]. 
For example, TLR2 in co-operation with TLR1 or TLR6 
can recognize bacterial lipoproteins and peptidoglycan, 
TLR3 can mediate innate activation by viral double
stranded RNA, TLR4 is the primary LPS receptor, TLR5 
senses bacterial flageilin and TLR9 is the receptor for 
bacterial DNA [1]. In addition, TLR can act as receptors 
for synthetic pharmaceuticals previously identified by

[I 23797]
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Abbreviations: DN: Double-negative PDC: Plasmacytoid 
DC TLR: Toll-like receptor

their immunostimulatory properties. Thus, TLR7‘ ‘̂ mice 
have recently been shown to be completely unable to 
respond to the imidazoquinoline compounds imiquimod 
and R-848 [2], and TLR4 can act as a receptor for the 
anti-cancer drug taxol [3].

It is clear that TLR expression is not uniform among leu
kocytes, raising the possibility that different cell types 
may be specialized to recognize distinct classes of path
ogens. For example, an early systematic analysis of 
expression of TLR 1-5 revealed that TLR1 is expressed 
widely among human peripheral blood leukocytes, but 
TLR2-5 are expressed much more selectively [4]. The 
only cell type expressing all five TLR in that study was 
the monocyte-derived dendritic cell (DC). DC are a family 
of APC encompassing several subtypes prominent in the 
initiation of immune responses to infection [5]. Broad 
expression of TLR among DC could mean that APC are 
under pressure to maintain a large repertoire of PRR to 
enable them to respond to any pathogen [4]. However, 
subsequent work revealed important differences in TLR 
expression among subtypes of human DC [6-10]. In par
ticular, TLR9 message was shown to be restricted to 
plasmacytoid DC (PDC) and not to be expressed on 
monocyte-derived or CDIIc* blood DC [6-10]. In addi-
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tien, so m e  s tu d ie s  [8, 9], bu t not o th e rs  [7 ,11], have su g 
g e s te d  th a t TLR7 ex press ion  is a lso  restric ted  to  PDC. 
C onversely, hum an  PDC w ere found  no t to  ex p re ss  m o st 
o th er TLR, including th e  LPS receptor, TLR4 [6-10]. This 
p a ttern  of ex p ress io n  co rre la te s  with th e  observation  
th a t C pG  DNA ac tiv a tes  PDC but no t C D IIc*  or 
m onocy te -d eriv ed  DC, while th e  latter bu t not th e  form er 
re sp o n d  strongly  to  LPS [6-9]. T h ese  o b se rv a tio n s have 
generally  b een  linked to  th e  id ea  th a t recognition of dif
ferent p a th o g e n s  by different DC could  allow genera tion  
of alternative T h l or Th2 re sp o n s e s  to  infection [12]. 
However, th e  role of DC s u b ty p e s  in Th1/Th2 de te rm in a
tion rem ains unclear and  a  large body  of d a ta  su g g e s ts  
th a t a  sim ple link b e tw een  DC o n to g en y  an d  function is 
unw arran ted  [13].

Although ex ten siv e  analysis of TLR ex p ress io n  in th e  
m o u se  h a s  n o t b een  rep o rted , analysis of genom ic  
se q u e n c e  sh o w s sp e c ie s-sp e c ific  d ifferences in p ro 
m oter reg ions th a t su g g e s t th a t ex p ress io n  p a tte rn s  m ay 
differ b e tw een  m o u se  an d  hum an  [14]. Various DC ty p es  
have  b e e n  identified in m o u se  se c o n d a ry  lym phoid tis 
su e s , including th ree  C D l 1c^' su b s e ts  [CDSa*, CD4* and  
d o u b le -n eg a tiv e  (DN) C D 4 'C D 8 a ' DC] [15] an d  o n e  s u b 
se t of C D IIc '"  p lasm acy to id  DC [16-19]. We m easu red  
ex p ress io n  of mRNA for TLR1-9 in all th e s e  DC su b s e ts  
after d irect isolation from m o u se  sp leen . We find tha t 
although  TLR1, 2, 4, 6, 8 a n d  9 a re  e x p re sse d  by all DC 
su b s e ts  s tu d ied , significant d ifferences in ex p ress ion  of 
TLR3, 5, and  7 are  se e n  b e tw een  CD8a* and  CD 8a" DC, 
but not b e tw een  conventional C D I Ic '” DC and  PDC. 
C o n s isten t with th e  lack of TLR7 mRNA ex press ion  in 
CD8a* DC, TLR7 ligand did no t ac tiv a te  th a t su b se t. 
T h ese  resu lts  confirm  th a t certain  DC su b ty p e s  m ay b e  
preferentially involved in recognition  of d istinct c la s s e s  of 
p a th o g e n s  a c ro ss  sp e c ie s , bu t su g g e s t  th a t th e  d ich o t
om y b e tw een  PDC and  n o n -p lasm acy to id  DC o b se rv ed  
in h u m an s d o e s  no t ex ten d  to  m o u se .

2 R e s u lt s  a n d  d is c u s s io n

S p len o cy te  p rep a ra tio n s  w ere en riched  for C D IIc*  and  
for Ly6C* cells using m ag n e tic  se lec tion , an d  the  
en riched  p o p u la tio n s w ere u se d  for th e  purification of 
th e  four know n m urine sp le en  DC s u b s e ts  using five- 
color high sp e e d  cell sorting . Four p o p u la tio n s w ere rou
tinely iso la ted  with g rea te r  th an  95%  purity (data  not 
show n) an d  included  C D IIc ''' Ly6C"B220' (classical) DC 
an d  CD l 1 c'"Ly6C'”B220* PDC. The form er w ere further 
subd iv ided  into CD4*, CD8a* an d  DN s u b s e ts  [15]. The 
cDNA from  e ach  of th e  four DC p o p u la tio n s w as u se d  for 
sem i-quan tita tive  PCR am plification of TLR m e ssa g e  
using specific  prim ers. As show n in Fig. 1 A, by th is 
m ethod , m o st TLR a p p e a re d  to  b e  e x p re sse d  by all
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Fig. 1. Analysis of TLR expression in splenic DC subsets. (A) 
DC su b se ts  were purified by cell sorting a s  detailed in 
Sect. 4, and cDNA w as amplified by sem i-quantitative PCR 
using se ts  of primers specific for the murine TLR 1-9 genes. 
Data are representative of 3 -5  PCR reactions using 2-5  se ts 
of independently-sorted cells. (B) TLR3, 5, 7 and 9 expres
sion w as further analyzed by quantitative PCR. Data repre
sent m ean ± SD of four independently sorted DC sam ples 
m easured in three different PCR reactions.

m urine DC su b s e ts , an d  th ere  w ere only th ree  TLR for 
which th ere  w as  obv ious differential ex p ression ; TLR3 
a p p e a re d  to  b e  e x p re sse d  a t h ighest levels by CD8a* DC 
while TLR5 an d  TLR7 a p p e a re d  to  b e  selectively a b se n t 
from th e  sa m e  population  (Fig. 1A). This w as confirm ed 
by quan tita tive PCR for TLR3, TLR5 a n d  TLR7 (Fig. 1B): 
TLR3 levels w ere h ighest in CD8a* DC, in term edia te  in 
DN DC and  a t leas t tenfold lower in PDC an d  CD4* DC; 
TLR5 levels w ere h ighest in CD4* DC an d  low est in 
CD8a* DC; TLR7 mRNA levels w ere h ighest in PDC and  
w ere tenfold low er in CD8a* DC th an  in either C D 8 a ' DC 
population. In co n trast, levels of TLR9 m e s s a g e  varied 
by less  than  fivefold am ong  s u b s e ts  (Fig. IB), in m arked 
c o n tra s t to  resu lts o b ta ined  in hum an [6-10]. T h ese  d a ta  
su g g e s t th a t g ro ss  variation in th e  TLR reperto ire  of 
m urine DC s u b s e ts  is confined to  TLR3, TLR5 an d  TLR7. 
However, w e can n o t exclude  th e  possibility th a t there  are  
further d ifferences a t th e  levels of TLR protein e x p res
sion, w hich c a n n o t b e  a s s e s s e d  d u e  to  lack of app rop ri
a te  an tibod ies.

To analyze th e  functional significance of differential TLR 
mRNA express ion , w e c h o s e  to  confine our analysis to  a  
com parison  of th e  re sp o n se  of DC s u b s e ts  to  ligands for 
TLR7 and  TLR9. T here w ere tw o re a so n s  for th is choice:
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(1) Of all th e  TLR, TLR7 mRNA sh o w ed  th e  g re a te s t d is
c rep an cy  am ong  su b s e ts , being  e x p re ss e d  a t 55-fold 
low er levels in CDBa^ DC th an  in CD4* DC; in con trast, 
TLR9 only differed by 3-fold in a  sim ilar com parison  
a lthough  it sh o w s th e  g re a te s t differential ex p ress ion  
b e tw een  s u b s e ts  in th e  hum an  sy s tem  [6-10]. (2) TLR7 
a n d  TLR9 are  tw o  TLR for w hich syn the tic  ligands are 
available, th u s, precluding th e  issu e  of c ro s s 
con tam ination  th a t so m e tim es c o n fo u n d s th e  in terp re ta
tion of ex p erim en ts  d o n e  using  TLR ligands su c h  a s  b a c 
terial flageilin purified from m icrobial o rgan ism s. TLR3 is 
th e  se c o n d  TLR show ing th e  g re a te s t d isc rep an c y  in 
ex p ress io n  am o n g  s u b s e ts  (28-fold h igher exp ress io n  in 
CDBa* DC than  in CD4* DC) an d  o n e  for w hich a 
syn the tic  ligand is a lso  available. We co m p ared  the  
re sp o n se s  of all DC s u b s e ts  to  sy n th e tic  dsRNA (data  
no t show n). However, w e found  th a t DC re sp o n se s  to  
syn the tic  d o ub le  s tra n d e d  RNA can  b e  TLR3- 
in d ep en d en t (Diebold e t al, m an u scrip t in preparation) 
and , therefore, w ere not ab le  to  u se  th a t stim ulus to  
a s s e s s  th e  sign ificance of differential TLR3 ex press ion  in 
DC su b s e ts .

TLR triggering lead s to  p roduction  of T h l-p ro m o tin g  
cy tok ines su c h  a s  IL-12 an d  ty p e  I in terferons (IFN-I) [1]. 
A m ong m urine DC su b se ts , CDBa* DC have been  
rep o rted  to  b e  th e  primary p ro d u c e rs  of IL-12 [20]. H ow 
ever, PDC, CD4* DC a n d  DN DC c a n  all m ake IL-12p40 in 
re sp o n s e  to  an  ap p ro p ria te  stim ulus, even  tho u g h  CD4* 
DC are  selectively unab le  to  p ro d u ce  b ioactive IL-12p70 
[21, 22], and  unpub lished  o b servations]. T hus, IL-12p40 
(but not IL-12p70) m ay b e  u se d  a s  a  universal m arker for 
activation  of all DC s u b s e ts  in r e sp o n s e  to  TLR trigger
ing. W hen sp le n o cy te  su sp e n s io n s  en riched  for either 
conventional DC and  PDC w ere stim ula ted  with an 
o ligonucleo tide-con tain ing  u nm ethy la ted  CpG  m otifs 
(CpG), a  ligand for TLR9 [23], bo th  CDBa* an d  CDBa" DC 
a s  well a s  PDC (Ly6C") s ta in e d  for IL-12p40 (Fig. 2). In 
co n tra s t, w hen th e  sa m e  cells w ere  stim ulated  with a  
specific  TLR7 ligand, th e  im idazoquinoline R-B4B [2], IL- 
12p40 sta in ing  w a s  limited to  th e  C D B a' an d  PDC s u b 
s e ts  (Fig. 2). IL-12p40 p roduction  w as  no t d e te c ta b le  if 
th e  cells w ere tak en  from MyDBB'^' m ice (Fig. 2), d e m o n 
strating  th e  involvem ent of TLR signaling in th e  re sp o n se  
to  e ither stim ulus. Thus, th e  differential production  of IL- 
12p40 by CDBa* DC in re sp o n s e  to  CpG  vs. R-B4B is 
co n s is te n t with th e  a b s e n c e  of TLR7 an d  p re se n c e  of 
TLR9 mRNA in th a t su b s e t  (Fig. IB).

To analyze re sp o n s iv e n e ss  to  th e  stimuli in th e  a b s e n c e  
of cross-regu la tion  by o th er DC or non-D C  co n tam in an ts  
in the  cu ltu res, CDBa* DC, C D B a' DC and  PDC w ere 
purified by cell sorting  and  stim u la ted  with a  d o se -ra n g e  
of CpG  or R-B4B in th e  a b s e n c e  o f o th er cell typ es . As 
show n in Fig. 3, th e re  w as  a  corre la tion  b e tw een  TLR7
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Fig. 2. M yD 88-dependent production of IL-12p40 in 
response to R-848 by C D 8a' DC and PDC, but not by CD8a* 
DC. Spleen cells from C57BL76 or MyD88'^' mice were 
enriched for LySC or for C D IIc  and were cultured for 1 h 
with the indicated stimuli. Brefeldin A (5 ng/ml final concen
tration) and GM-CSF were added , and the cells were fixed 
15 h later. Cells were permeabilized and stained for IL-12p40 
and either LySC or C D IIc  and CD8a. Events shown are 
gated on sca tter (LySC staining) or on CDl 1c^' cells (C D IIc/ 
CD8a staining). The Ly6C"IL-12* cells show n in the top dot 
plots correspond to PDC as a sse sse d  independently by 
staining for B220 (not shown). Data are representative of 
three independent experim ents. Similar patterns of staining 
were seen at various time points (not shown). Note the lower 
frequency of CD8a* DC in the sam ples cultured in medium 
alone or with R-848 com pared to the sam ple with CpG. This 
is due to selective death of CD8a* DC in the absence  of 
stimulation (see Fig. 4).

mRNA levels a n d  th e  ability of individual DC su b s e ts  to  
m ake IL-12p40 in re sp o n s e  to  R-B4B. Thus, PDC w ere 
m uch m ore sensitive  to  low d o s e s  of R-B4B th an  CD Ba' 
DC and , c o n s is te n t with their a p p a ren t lack of TLR7 
express ion , CDBa* DC did no t m ak e  IL-12p40 in 
r e sp o n se  to  any d o se  of th e  stim ulus (Fig. 3). In co n trast 
to  TLR7 ligand, all s u b s e ts  p ro d u ced  IL-12p40 in 
r e sp o n se  to  CpG . D o se -re sp o n se  analysis revealed  tha t 
PDC w ere th e  least sensitive  of all s u b s e ts  to  CpG 
d e sp ite  ex p ress ing  th e  h ighest am oun t of TLR9 mRNA, 
a lthough they  d id p ro d u ce  higher ab so lu te  levels of IL- 
12p40 than  o th er su b s e ts  in re sp o n se  to  satu rating  
d o s e s  of ligand (Fig. 3). Interestingly, CDBa* DC 
e x p re sse d  th e  low est a m o u n ts  of TLR9 m e ssa g e  
(Fig. 1B), bu t d isp layed  th e  h ighest sensitivity to  CpG
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Fig. 3. Differential response of CD8a* DC versus other DC 
su b se ts  to TLR7, but not TLR9 ligands. Sorted PDC and 
CD11c'”CD8a* and CD 8a' DC su b se ts  w ere cultured over
night with the  indicated concentrations of CpG or R-848. 
Levels of IL-12p40 in supernatan ts were m easured by 
ELISA. Data are representative of four independent experi
m ents.

(Fig. 3). This analysis u n d e rsc o re s  th e  d a n g e r  of ex tra p o 
lating from  sm all d ifferences in TLR mRNA levels to  p re 
d ic tions a b o u t re sp o n s iv en ess  to  individual ligands. Dif
fe re n c e s  in re sp o n s iv e n e ss  to  CpG  cou ld  reflect a lte rn a
tive p a th w ay s for ligand u p tak e  by different DC su b se ts , 
a s  TLR9 signaling requ ires a c c e s s  of C pG  to  endocy tic  
co m p a rtm e n ts  [24].

To confirm  th a t th e  lack of IL-12p40 production  w a s  rep 
re sen ta tiv e  of a  general failure of CDBa* DC to  re sp o n d  
to  TLR7 ligand, w e a s s e s s e d  o th er p a ra m e te rs  of DC 
activation . Purified DC rapidly u n d erg o  a p o p to s is  ex  vivo 
u n le s s  ac tiv a ted  by innate  signa ls , cy tok ines or CD40L 
([25], a n d  unpublished  o bse rvations). W hen purified 
CDBa* DC w ere cultured  in m edium  alone, viability 
d ro p p e d  to  15%  overnight (Fig. 4A). Addition of CpG  or 
G M -C SF to  th e  cultu res re sc u e d  a  significant proportion 
of th e  cell from  a p o p to s is  an d  in crease d  their viability by 
th ree  to  fourfold (Fig. 4A). In co n tra s t, R-B4B failed to  re s 
c u e  CDBa* DC from a p o p to s is  (Fig. 4A). Therefore, by

medium CpG R-B4B
u 45 18

0
53 55 53

0

-  GM-CSF

♦ GM-CSF

FSC

CDBa- DC CDBa* DC

A A
h A

CpG

R-B4B

C 0 4 0

Fig. 4. R-848 d o es not activate CD8a* DC. CD8a* and 
CD8a" DC were purified by cell sorting and cultured over
night with 2 ng/ml CpG or 300 nM R-848 in the presence oi 
ab sence  of GM-CSF. (A) Scatter plots of cultured CD8a* DC 
illustrate that significant apoptosis occurs upon culture in 
medium alone, which is prevented either by stimulation with 
an appropriate TLR ligand (CpG) or by addition of GM-CSF 
(lower panel). Numbers represent the percentage of events 
falling within the indicated live cell gate. (B) Both CpG and R- 
848 induce up-regulation of CD40 on CD8a" DC, w hereas 
only CpG induces CD40 up-regulation on CD8a* DC. Cells 
from the GM -CSF-containing cultures in (A) were analyzed 
for CD40 expression. Dotted line: medium alone; solid line: 
stimulus. Data are representative of two experim ents.

this additional criterion, R-84B again  failed to  a c t a s  a  
CDBa* DC activator.

U p-regulation of su rface  m arkers su ch  a s  CDB6 and  
CD40 is a  further p a ram e te r  of DC activation. Although 
culturing prim ary DC in m edium  alone is sufficient to  initi
a te  up-regu lation  of th e s e  m arkers, higher ex p ress ion  
levels are  ach iev ed  in th e  p re se n c e  of m icrobial ac tiva
to rs [22]. Indeed, CpG  addition  to  th e  m edium  led to  an 
increase  in CD40 ex p ress io n  by bo th  CDBa* an d  CDBa" 
DC co m p ared  to  control cells cultured  in m edium  alone 
(Fig. 48). Similarly, R-B4B c a u se d  an  increase  in e x p re s 
sion of CD40 by CDBa" DC (Fig. 48). However, even  
w hen CDBa* DC w ere cu ltu red  in G M -CSF to  m aintain 
viability, addition  of R-B4B failed to  p rom ote  up- 
regulation of CD 40 (Fig. 48) or CDB6 (data  not show n). 
Similarly, re sc u e  by G M -C SF or CD40L did not result in 
IL-12p40 sy n th e s is  in re sp o n s e  to  R-B4B (data  not 
show n). We co n c lu d e  th a t CDBa* DC selectively fail to  
resp o n d  to  TLR7 ligands.
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T he no tion  th a t  DC s u b s e ts  evo lv ed  to  re sp o n d  to  differ
e n t  p a th o g e n s  h a s  g a in ed  su p p o r t  from  th e  d isc o v ery  
th a t  h u m a n  b lo o d  PD C  differ from  C D IIc *  DC an d  
m o n o c y te -d e riv e d  DC by th e  e x p re ss io n  of TLR9 a n d  
a b s e n c e  o f e x p re ss io n  of TLR2, 3 , 4  a n d  8 [6-11]. H ere, 
w e  sh o w  th a t  th is  d ich o to m y  in TLR rep e rto ire  d o e s  n o t 
e x te n d  to  th e  m o u se . O th er th a n  TLR3, m urine  PD C puri
fied from  sp le e n  e x p re s s  all k now n  TLR, a t le a s t a t  th e  
m e s s a g e  level. Interestingly, h u m a n  PD C  a lso  fail to  
e x p re s s  TLR3 [26]. In c o n tra s t, th e re  is g ro s s  variation  in 
TLR3, 5 a n d  7 m RN A  e x p re ss io n  a m o n g  th e  c o n v e n 
tional C D IIc" '' DC s u b s e ts .  For TLR7, th is  t ra n s la te s  into 
differential r e sp o n s iv e n e s s  of CDBa* a n d  CDBa" DC to  a  
sy n th e tic  TLR7 ligand . S o m e  re p o rts  h a v e  su g g e s te d  
th a t, like m urine  CDBa* DC, h u m a n  C D IIc *  DC a lso  d o  
n o t e x p re s s  TLR7 mRNA [B, 9]. H ow ever, o th e r  g ro u p s  
h a v e  fo u n d  TLR7 e x p re ss io n  in h u m a n  C D IIc *  DC [7, 
11] a n d  sh o w n  th a t  th is  c o r re la te s  w ith r e s p o n s iv e n e s s  
to  im id azo q u in o lin es [11], a lth o u g h  th e  in te rp re ta tio n  of 
th e  la tte r  finding  is c o m p lic a te d  by  th e  fa c t th a t, in 
h u m a n  (bu t n o t in m ouse ), im id azo q u in o lin es h av e  
recen tly  b e e n  sh o w n  to  a lso  signa l v ia  TLRB [27]. DC in 
m o u s e  a re  g en era lly  purified from  tis s u e s , w h e re a s  in 
h u m a n s , th e y  a re  ta k e n  from  b lo o d , m ak ing  it h a rd  to  
c o m p a re  m o u s e  a n d  h u m an  d a ta . It re m a in s  to  b e  d e te r 
m in ed  w h e th e r  a  DC s u b s e t  u n re sp o n s iv e  to  TLR7 
lig a n d s  a ls o  e x is ts  in m an  an d , co n v erse ly , w h e th e r  o th e r  
m urin e  DC s u b s e ts ,  y e t to  b e  fo u n d , lack  TLR9 e x p re s 
sio n  a s  in th e  h u m a n  c a s e .

T h e  s ig n if ican ce  o f differential TLR e x p re ss io n  a n d , by 
in fe ren c e , se le c tiv e  p a th o g e n  reco g n itio n  by  DC s u b s e ts  
re m a in s  u n d e te rm in e d . It h a s  o ften  b e e n  linked to  th e  
id e a  th a t  s u b s e t s  a re  o n to g en e tica lly  p ro g ra m m e d  to  
p ro d u c e  d ifferen t cy to k in es  a n d  in d u c e  a lte rn a tiv e  fo rm s 
o f a d a p tiv e  im m unity  [12]. H ow ever, it is im p o rtan t to  r e c 
o g n iz e  th a t  differential p a th o g e n  reco g n itio n  by  A PC 
n e e d  n o t b e  re la ted  to  'T h ' induction . In d eed , differential 
TLR e x p re ss io n  by  DC s u b s e ts  m ay  b e  o f little c o n s e 
q u e n c e  fo r 'T h ' differentiation , a s  it is be liev ed  th a t TLR 
trig g e rin g  is prim arily involved in T h l ra th e r  th a n  Th2 
r e s p o n s e s  [28]. W h e th e r  se lec tiv e  p a th o g e n  recogn ition  
b y  individual DC s u b s e t s  re la te s  to  th e  induction  of dif
feren tia l Th r e s p o n s e s  to  infection  will, in s te a d , requ ire  
c o m p a r iso n  o f th e  d istribu tion  o f TLR vs. th a t  of PR R  for 
T h 2 -p ro m o tin g  p a ra s i te s  (if s u c h  re c e p to r s  exist). H ow 
ever, it is  in c reasin g ly  c le a r  th a t  o n to g e n y  is n o t th e  pri
m ary  fa c to r  d ic ta tin g  DC s u b s e t  T h -d irec tin g  ability. B oth 
m o u s e  a n d  h u m an  DC a re  flexible in th e ir cy to k in e  
r e s p o n s e  to  ac tiv a tio n  a n d  c a n  in d u c e  T h l o r Th2 differ
en tia tio n  in re s p o n s e  to  s ig n a ls  from  m ic ro b e s  o r o th e r  
e x o g e n o u s  stim uli [13]. T hus, it re m a in s  p o ss ib le  th a t  dif
feren tia l TLR e x p re ss io n  by DC s u b ty p e s  is re la ted  to  
o th e r  sp e c ia liz a tio n s  of function . A m icrobia l ligand for 
TLR7 h a s  y e t to  b e  identified , b u t th e  p red ic tion  from

d a ta  p re se n te d  h e re  is th a t  CDBa* DC will b e  u n re sp o n 
sive  to  it. T h is m ay  offer th e  o p p o rtu n ity  to  te s t  th e  signif
ic a n c e  of differential TLR e x p re ss io n  by  DC s u b s e t s  in a  
real infection  m o d el.

3 M ateria ls  a n d  m e th o d s

3.1 Animals

Male and  fem ale BALB/c or C57BL/6 m ice (8-12 w eeks old) 
w ere ob tained  from Harlan UK (Bicester, Oxon) or from the  
breeding unit of C ancer R esearch  UK (Clare Hall L aborato
ries, South  Mimms, GB). BALB/c m ice w ere u sed  unless 
otherw ise s ta te d . MyD88^" m ice [29] on  a  C57BL/6 back 
ground w ere b red  a t C ancer R esearch  UK.

3.2 Reagents

The CpG -containing phosphoroth ioate-linked oligonucleo
tide 1668 5'-TCCATGACGTTCCTGATGCT-3' [30] w as m ade 
by the  C ancer R esearch  UK oligonucleotide syn thesis se r
vice. R-848 w as syn thesized  by the  P harm aceu ticals and 
B iotechnology Laboratory, Ja p a n  Energy Corporation (Sai
tam a, Japan). R ecom binant GM -CSF w as m ade by the  C an
cer R esearch  UK protein purification service. Each GM -CSF 
batch  w as titra ted  for generation of bone m arrow -derived 
DC and  u sed  a t an  optim al concen tration  (generally around 
1 ng/ml).

All mAb u sed  w ere from PharM ingen (BD B iosciences, San 
Jo se , CA) or C altag (San Francisco, CA): HL3, a  ham ste r IgG 
mAb against C D IIc ; RM 4-5, RA3-6B2, 3 /23, GLl and 
53-6 .7 , rat lgG 2a mAb against CD4, B220, CD40, CD86 and 
CD8a, respectively; AL-21, a  rat IgM mAb against Ly6C; 
C l 5.6, a  rat IgGl anti-IL-12p40.

3.3 Cells

Spleen cell su sp en s io n s  w ere prepared  by Liberase™  Cl 
(Roche D iagnostics Ltd., Lewes, GB) and  DNasel digestion. 
S p lenocy tes w ere incubated  with a  mixture of FITC- and  
b iotin-conjugated mAb to  Ly6C, followed by a  mixture of 
strep tav id in-coated  and  anti-CD 11 c -co a ted  MACS™ m ag
netic b e a d s  (Miltenyi Biotec Ltd., Bisley, GB). Positive m ag 
netic selection, using th e  MACS system  (Miltenyi Biotec 
Ltd.), resulted in a  population highly enriched for conven
tional DC a s  well a s  PDC (SD and  CRS, unpublished o b se r
vations). D C -enriched preparations w ere then  sta ined  with 
PE-anti-CD1 Ic , TrlColor-anti-B220 and  A PC -anti-C D 8a and 
APC/Cy7-anti-CD4 and  w ere so rted  in a  MoFlo cytom eter 
(Cytomation, Fort Collins, CO) using 5-colour gating: c o n 
ventional DC w ere defined a s  CD l 1c"''Ly6C‘°B220" and  w ere 
se p a ra te d  b a se d  on differential expression  of C D 8a and 
CD4, a s  d escrib ed  [22]; PDC w ere defined a s  
CD l 1c‘"""Ly6C"’'B220* cells. Sorted  cells w ere > 9 5 %  pure
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upon re-analysis. In so m e experim ents, CDIIc'"' DC w ere 
sub-divided only on th e  bas is of C D 8a expression  into 
CD8a"^ and  C D 8a‘ su b se ts  by omitting th e  anti-CD4 anti
body.

For intracellular cytokine staining experim ents, sp lenocy tes 
w ere first en riched  for Ly6C* cells, and  th e  d ep le ted  fraction 
w as su b seq u en tly  enriched for C D IIc*  cells. The form er 
population co n ta in s  Ly6C'”B220*CD11c''™ PDC, a s  well a s  
o ther cells th a t a re  Ly6C*B220’CD 11c'.

3.4 PCR

Total RNA from  so rted  DC s u b s e ts  w as isolated using the  
RN easy minikit from Q iagen (Crawley, GB). Total cDNA w as 
syn thesized  with th e  S uperscrip t II pre-amplification system  
(GIBCO BRL). PC R primer pairs are  describ ed  in Table 1. 
Sem i-quantita tive PCR w as carried out using standard  
am plification conditions. S am ples w ere rem oved and a n a 
lyzed by s ta n d a rd  ag a ro se  gel e lectrophoresis after 2 0 ,3 0  or 
35  am plification cycles. The d a ta  show n for each  primer pair 
co rre sp o n d  to  th e  cycle num ber a t which th e  am plicons 
could b e  d e te c te d  bu t w ere not yet a t sa turation . The sp e c i
ficity of th e  p rim ers for th e  in tended target w as confirm ed by 
restriction d ig es t analysis of th e  PCR product (data not 
show n). Q uantitative PCR w as carried out on a 
ABI PRISM 7700  detec tion  system  (PE Applied B iosystem s, 
W arrington, UK) using SYBR G reen (Molecular P robes, 
Europe BV, Leiden, The N etherlands). In each  sam ple , m es
sa g e  levels w ere  calcu lated  by com parison  with a  s tandard  
curve g e n e ra te d  using serial dilutions of a  reference cDNA 
sam ple . T h ese  levels w ere then  ex p ressed  relative to  levels 
of GAPDH a s  recom m ended  by th e  m anufacturer (PE 
Applied B iosystem s). In order to  av erage  th e  d a ta  ac ro ss  
multiple in d ep en d en t PCR using different reference cDNA, 
th e  d a ta  w ere  e x p re sse d  relative to  th e  levels found in CD4* 
DC, th e  m o st a b u n d an t DC population in m o u se  sp leen .

Table 1. PCR prim ers u sed  for TLR amplification

T IJt Primer sequence Sizc/bp

1 LKl GCATCTCTCCGTCAGCACTA
TCTAACTTTGGGGGAAGCTG

340

ILR2 CAGACGTAGTGAGCGAGC7G
GGCATCGGATGAAAAGTCTT

3W

1LR3 GAGCWC'I'GG/ÆGATCTCr’TT
IxJ-CCI'CAATAGCTTXiCTGA/^

353

T lJ t4 GCTTTCACCTCTGCCTTCAC
CGAGGCTTTTCCATCC/kATA

361

T U tS GCTTTGTTTTCTTCGC'rTCO
ACACCAGCTTCTGGAICGTC

342

T1.R6 GCAACATGAGCCAAGACAGA
GTTTTGCAACCGATTGTGTa

349

TLR7 ATTCAGAGGCTCCTCGATGA
AGGGATGTCCTAGGTGGTGA

264

TLR8 TCCTGGGGATCAAAAATCAA
AAGGTGGTAGCGCAGTTCAT

302

TLR9

i

ACCCTGGTGTGGAACATCAT
GTTGGACAGGTGGACGAAGT

341

Juanlitiitivc PCR primcrx
Primer Sequence SizzVbp Forward

MM
Reverse
MM

'1CR3 GGTCCCCAGCCTTCAAAGAC
ACGAAGAGGGCGGAAAGGT

90 50 300

T U t5 CCACCGAAGACTGCGATGA
GTGACCGTGCACAGGATGAA

72 400 400

TLR7 CCACAGGCTCACCCATACTTC
GGGATGTCCTAGGTGGTGACA

130 500 500

TLR9 TGQGCCCATTGTGATOAAC
TTGGTCTGCACCTCCAACAGT

110 300 .300
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R e fe re n c e s

3.5 Flow cytometry

IL-12p40, CD 86 and  CD40 staining w as perform ed a s  
d escrib ed  [22]. Briefly, for IL-12p40 staining, cells w ere fixed 
in paraform aldehyde, resu sp en d ed  in PBS/EDTA containing 
1%  FCS, 0 .02%  sodium  azide and  0 .1%  saponin  (Sigma) 
and  sta in e d  with appropriate  mAb con jugated  to  different 
fluorophores. After 30  min a t 4°C, cells w ere w ashed  tw ice 
in PBS/EDTA contain ing  1% FCS and  0 .02%  sodium  azide 
w ithout sapon in . A similar p rocedure  w as u sed  for CD40 and 
CD86, om itting th e  fixation p rocedure  and  saponin  and  su b 
stituting anti-C D 40 or anti-CD86 for anti-IL-12p40. Cell 
acquisition  w a s  perform ed on a  FACSCalibur* flow cy to 
m eter (BD B iosciences, San Jo s e , CA), and  d a ta  w ere a n a 
lyzed using  Flow Jo softw are (Tree S ta r Inc., S an  Carlos, CA).
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Relationships Among Murine C D llc’*'®*' Dendritic Ceil Subsets 
as Revealed by Baseline Gene Expression Patterns^

Alexander D. Edwards,^* Damien Chaussabel,^* Simon Tomlinson,* Oliver Schulz,* Alan Sher,* 
and Caetano Reis e Sousa^*

The functional relationships and properties of different subtypes of dendritic cells (DC) remain largely undefined. To better 
characterize these cells, we used global gene analysis to determine gene expression patterns among murine CDllc*'*'' DC subsets. 
CD4^, CDSa'*', and CD8a~ CD4~ (double negative (DN)) DC were purified from spleens of normal C57/BL6 mice and analyzed 
using Affymetrix microarrays. The CD4^ and CDSa*** DC subsets showed distinct basal expression profiles differing by >200  
individual genes. These included known DC subset markers as well as previously unrecognized, differentially expressed CD Ags 
such as CDld, CDS, CD22, and CD72. Flow cytometric analysis confirmed differential expression in nine o f nine cases, thereby 
validating the microarray analysis. Interestingly, the microarray expression profiles for DN cells strongly resembled those of CD4'*' 
DC, differing from them by <25 genes. This suggests that CD4^ and DN DC are closely related pbylogenetically, whereas CDSor^ 
DC represent a more distant lineage, supporting the bistoricai distinction between CDSa^ and CD8a~ DC. However, staining 
patterns revealed that in contrast to CD4^ DC, the DN subset is heterogeneous and comprises at least two subpopulations. Gene 
Ontology and literature mining analyses of genes expressed differentially among DC subsets indicated strong associations with 
immune response parameters as well as cell differentiation and signaling. Such associations offer clues to possible unique functions 
of the C D l l c " " D C  subsets that to date have been difficult to define as rigid distinctions. The Journal o f  Immunology, 2003,170: 
47-60.

D endritic cells (DC)'* are central to the initiation o f im
mune responses and the generation and maintenance o f 
self-tolerance (I) . However, a complete understanding 

of the role of DC in the immune system has been complicated by 
the existence o f m ultiple subtypes, which may perform different 
functions (2). For exam ple, at least six DC subsets have been iden
tified in mouse lymph nodes (3). Among these, two are found in 
lymph nodes draining the skin and appear to be derived from der
mal DC and epidermal Langerhans cells, respectively (3). Cells 
similar to the dermal DC-derived population can also be found in 
lymph nodes that do  not drain the skin, and they may represent the 
progeny of interstitial DC found in most nonlymphoid tissues (3). 
The four remaining populations appear to be present in both lymph 
nodes and spleen and include the recently identified plasmacytoid 
C D l Ic '”* DC (4 -7 )  as well as the more conventional C D l Ic"'*'' 
DC. M ouse C D l Ic*”*" DC have been best studied in spleen and 
correspond to the original Steinman DC identified 30 years ago (8).
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Heterogeneity am ong spleen DC became apparent as early as 1989 
(9), and on the basis o f C D 8a and C D l lb  expression, these cells 
were later subdivided into C D l lb '”*  C D 8 a^  and C D l lb"'*" 
C D 8a~  DC (10), C D l Ic"'*" DC are now known to comprise at 
least three populations following the further subdivision of C D 8a~ 
DC into the C D 8 a“ CD4^ and C D 8 a“ C D 4“ (double negative 
(DN)) subsets ( I I ) .  Precursor-prtxiuct analysis suggests that these 
subsets constitute stable and discrete populations and that they do 
not interconvert (12-14). Some reports have argued that there can 
be acquisition o f the C D 8a marker by C D 8 a “ DC (15-18), but, 
with rare exceptions (17), this results in cells that stain only weakly 
for the marker, do not express C D 8a mRNA, and are clearly dis
tinguishable from bona fide C D 8o^  DC (15, 16, 18). More re
cently, it has been shown that plasmacytoid DC can also increase 
C D 8a expression after activation by microbial stimuli to become 
C D 8 a^  C D l Ic"'*" DC (14). However, the resulting cells also ex
press CD4 and fail to express DEC-205 and thus, again, are very 
distinct from conventional C D 8 a^  DC (14).

Virtually every aspect o f the mouse DC subset biology remains 
unsettled, including their ontogeny, function, cytokine production 
potential, and Ag presentation capacity. Based on cell transfer ex
periments in which thymic lymphoid progenitors gave rise to 
C D 8 a^  DC, it was concluded that the C D 8a marker could be used 
to differentiate between DC o f lymphoid and myeloid origin (19). 
This has been challenged by more recent reports showing that both 
lymphoid and myeloid progenitors give rise to C D 8 a “ and 
CD8a'*‘ DC and that most C D l Ic"'*" DC are likely to be o f my
eloid origin (2 0 -2 2 ). Functional com parisons o f DC subsets have 
been similarly controversial. Initial observations that C D 8 a^  DC 
are intrinsically tolerogenic (23, 24) have been hard to reproduce 
(25, 26). More prevalent has been the idea that C D 8 a ^  DC pro
duce IL-12 and prime Thl responses in vivo, whereas C D S a"  DC 
do not make the cytokine and preferentially induce Th2 develop
ment (27-30). However, we and others have found only minor
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differences in the ability of C D l Ic'”®'’ DC subsets to drive T h l/  
Th2 developm ent (26, 31). In addition, all C D l Ic'’'®" DC subsets 
can make IL-12 p40 in response to appropriate microbial stimuli, 
and C D S a '’" and DN DC can also make IL-12 p70, demonstrating 
that IL-12 production by DC is not restricted to the C D S a’’' subset 
(32-35). W ith regard to Ag presentation, C D 8 a ^  DC have been 
proposed to possess a  unique pathway for M HC class 1 presenta
tion o f exogenous Ag (36, 37), but this has been put in question by 
more recent reports show ing MHC class 1 presentation by C D 8 a “ 
DC (34, 3 8 -4 0 ). Among the various putative unique properties o f 
m urine DC subsets, those that to date remain unchallenged include 
the following: 1) C D 4^ DC do not make bioactive IL-12 p70 (35, 
41); 2) C D 8 a ^  DC are uniquely able to take up dying cells (38, 
40); and 3) murine C D 8 a ^  DC express a different Toll-like re
ceptor repertoire from all other murine spleen DC subsets (42). 
The extraordinary ability o f plasmacytoid DC to produce type 1 
IFN may be thought o f  as another unique DC subset function to 
add to this list. However, we have found that this is stimulus de
pendent and that, when appropriately stimulated, nonplasmacytoid 
mouse DC also produce high am ounts o f IF N a .' Similarly, non- 
plasmacytoid human m onocyte-derived DC produce type 1 IFN in 
response to infection with influenza (43, 44).

Independently o f the controversy surrounding the functional 
properties o f mouse DC subsets, there is also relatively little in
formation on their phenotypes. A limited num ber o f markers in 
addition to CD4 and C D 8o  appear to be subset-restricted. For ex
ample, C D 8 a ^  DC express higher levels o f DEC-205, heat-stable 
Ag (CD24a), CD36, IFN consensus sequence binding protein 
(ICSBP; 1RF8), langerin, and integrin (CD 103) than C D 8 a “ 
DC (9, 45 -50), whereas the latter preferentially express C D l lb , 
F4/80, RelB, and CCR6 (45, 5 0 -5 2 ). However, most studies have 
grouped C D 8 a “ DC together and failed to discriminate between 
DN and C D 4^ DC. All these considerations suggested that it 
would be useful to define DC subsets at the molecular level in an 
attem pt to understand more about their relationship to each other, 
provide better insights into their biology, and find alternative 
markers for their isolation. Toward this end, we conducted mi
croarray analysis o f  m RNA purified from C D l Ic'"®'’ splenic DC 
subsets immediately after cell isolation. O ur data suggest that all 
three subsets constitute unique populations and that the C D 4^ and 
DN DC subsets are more similar to each other than to the C D 8 a^  
DC subset. Furthermore, we confirm selective expression o f  some 
previously reported genes and identify CD5, CD72, and CD22 as 
novel m arkers for the C D 8 a "  DC subsets. These data offer some 
new insights into the phenotype and phylogeny o f DC subsets and 
should constitute a useful resource for future work into the biology 
o f these cells.

Materials and Methods
Cells

C57BL/6 mice were obtained from Charles River (Margate, U.K.) or from 
the breeding unit o f Cancer Research U.K. (South Mimms, U.K.). Spleen 
cell suspensions were prepared by Liberase Cl (Roche, Lewes, U.K.) and 
DNase I digestion (32). DC-enriched fractions were prepared by labeling 
splenocytes with anti-CD I Ic MACS beads (Miltenyi Biotec, Bisley, U.K.), 
followed by positive selection using LS magnetic columns (Miltenyi Bio
tec) as previously described (35). CD l Ic-enriched preparations were fur
ther stained with PE-anti-CDl Ic, FITC-anti-CD4, and TriColor-anti-CD8o 
(Caltag, Burlingame, CA) and sorted on a MoFlo cytometer (Cytomation, 
Fort Collins, CO). Sorted DC subsets were lysed and stored at -8 0 °C  until 
mRNA isolation.

* S. S. Diebold. M. Montoya, H. Unger, L. Alexopoulou, P. Roy, L. E. Haswell, A. 
Al-Shamkhani, R. Fiavell, P. Borrow, and C. Reis e Sousa. Cytosolic recognition of 
viral infection switches non-plasmacytoid dendritic cells into high interferon produc
ers. Submitted fo r  publication.

RNA and cRNA preparation

Total RNA was prepared using the RNeasy mini kit (Qiagen, Valencia, 
CA) and was used to generate cRNA probes. Preparation of cRNA, hy
bridization, and scanning of the microarrays were performed according to 
the manufacturer's protocol (Affymetrix, Santa Clara, CA). Briefly, 12-15 
p,g o f RNA was converted into double-stranded cDNA by RT using a 
cDNA synthesis kit (Superscript Choice, Life Technologies, Gaithersburg, 
MD) with an oligo(dT )2 4  primer containing a T7 RNA polymerase pro
moter site-added 3 ' of poly(T) (Genset, La Jolla, CA). After second-strand 
synthesis, labeled cRNA was generated from the cDNA sample by an in 
vitro transcription reaction supplemented with the Bioarray HighYield 
RNA transcription labeling kit (Enzo, Farmingdale, NY). The labeled 
cRNA was purified using RNeasy spin columns (Qiagen) and denatured at 
94°C before hybridization,

Microarray hybridization

Labeled cRNA was hybridized to the Affymetrix U74A version 2 microar
ray while rotating at 60 ipm for ~  16 h at 45°C. After hybridization, the 
microarray was washed using the Asym etrix Fluidics Station in buffer 
containing biotinylated anti-streptavidin Ab (Vector Laboratories, Burlin
game, CA; 10 min, 25°C) and stained with streptavidin-PE (final concen
tration, 10 /ig/ml; Molecular Probes, Eugene, OR) for 10 min at 25°C. 
Subsequently, the microarray was washed, restained with streptavidin-PE 
(10 min, 25°C), and washed again before measuring fluorescence at 570 
nm in an Affymetrix scanner. Data were normalized by global scaling using 
the Affymetrix software.

Data analysis

Data analysis was conducted using Genespring (Silicon Genetics, Red
wood City, CA) and Excel (Microsoft, Redmond, WA) software packages 
using the criteria described in Results. Gene Ontology analysis was per
formed using FatiGO.* Analysis of patterns of term occurrences in litera
ture abstracts was performed as described previously (53). Briefly, relevant 
articles were identified and indexed for each gene, and term occurrences 
were computed from the resulting 7000 abstracts. Terms were filtered using 
the following criteria: low global occurrence in the biomedical literature 
and high specific occurrence for at least two genes from the list. Genes and 
remaining terms were rearranged by two-way hierarchical clustering of 
term occurrence values.

Results
Microarray data generation and validation

Murine C D l Ic'"®'’ subsets were purified from the pooled spleens 
o f 15-25 C57BL/6 mice, and RNA was extracted (Fig. M ). RNA 
obtained from three independent preparations was pooled and used 
to prepare targets for hybridization to Affymetrix GeneChip U74A 
version 2 microarrays containing 12,488 probe sets, which cover 
—9,700 distinct expressed sequence tag (EST) clusters or approx
imately one-third o f the mouse genome.’ The entire experiment 
was repeated, and the average difference (AvDiff) value for each 
probe seL reflecting expression level (54), was com pared between 
the two independent experiments (five individual DC subset puri
fications, two pools, total o f  76 animals). These experiments were 
remarkably reproducible, as can be seen by the slope o f 1 when 
plotting all values from the first experim ent against all values from 
the second (Fig. IB). Most variation was seen in probe sets with 
AvDiff values < 5 0  (Fig. IB), which is to be expected as this value is 
around the borderline of detectable signal strength. To obtain an actual 
measure o f reproducibility, we determined the percentage o f data 
points that varied by >2.5-fold between the two experiments (Fig. 
IB). Less than 1% variation was seen for the two C D 8 a“  DC subsets.

* The raw data used for the analyses described in this manuscript have been deposited 
in the GEO database (http'7/www.ncbi.nlm.nih.gov/geo/) under accession number 
GSE339 and are freely available. The deposited dataset also includes expression data 
for DC subsets after 2-h culture ex vivo, www links: Gene Ontology: www.geneon- 
tology.org; FatiGO: http://bioinfo.cnio.es/cgi-bin/tools/FatiGO/FatiGO.cgi

 ̂Here, we use genes and EST clusters synonymously, although the exact equivalence 
between the two awaits full annotation of the mouse genome.

http://www.ncbi.nlm.nih.gov/geo/
http://bioinfo.cnio.es/cgi-bin/tools/FatiGO/FatiGO.cgi
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FIGURE 1. Global gene expression was measured in soned spleen DC 
subsets by GeneChip analysis. A. Purity of soned DC subsets analyzed by 
FACS. B, Reproducibility of gene expression data was assessed by plotting 
expression levels from two replicate GeneChip experiments for every gene 
analyzed. Light gray points had undetectable/low signal strength (AvDiff, 
<50) in one or both repeats. Points falling outside of the lines had expres
sion levels >2.5-fold higher in one repeat compared with the other repeat; 
numbers indicate the percentage of genes falling into this category. C, 
Expression levels for selected genes. Data are mean AvDiff values between 
the two experiments.

suggesting that their transcriptomes in the two experiments were re
markably consistent. In contrast, almost 4%  o f the data points for the 
C I)8a*  subset varied in expression by >2.5-fold between the two 
experiments (Fig. IB). The increased variation in this subset may 
reflect increased biological variation, as this subset is very rapidly 
activated during isolation (A. D. Edwards and C. Reis e S ousa un
published observations).

For each dataset, we com piled the AvDiff values o f selected 
m arker genes expected to be present or absent in the DC subset in 
question (Fig. 1(7). All subsets expressed m RN A  for C D I lc  and 
l-A '’ after isolation, but expressed only low levels o f message for 
B cell (C D  19) or T  cell (C D 90 or com ponents o f the TCR signal
ing m achinery) m arkers (Fig. I Q .  CD4, C D 8 a , and DEC-205 
m RNAs were all expressed by the appropriate populations (Fig. 
I Q .  O verall, the concordance betw een the AvDiff values o f the 
various indicator genes and know n gene expression patterns in DC 
subsets confirm s that the data have been generated from pure DC 
populations with no detectable contam ination by o ther cell types.

Com parison o f  ̂ en e  expression pa tterns hetH’een splenic  
D C  subsets

W e first com piled lists o f differentially expressed genes between 
subsets based on a sim ple 2.5-fold difference, a threshold that iden
tifies many significant differences with minim al false positives (as 
estim ated from an analysis o f  m arker genes that were included or 
excluded using different thresholds; data not shown). A probe set 
was considered selectively expressed in subset A com pared with 
subset B when AvD iff for A was > 5 0  and > 2 .5-fold greater than
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AvDiff for B. The use o f  the > 5 0  criterion is required to elim inate 
random noise from probe sets at the borderline of expression, 
w hich show high variation (see Fig. 16). In this and all subsequent 
analyses, a further set o f  three criteria was applied. 1 ) The datasets 
from the two experim ents were analyzed independently, and the 
two analyses were subsequently interpolated, i.e., each probe set 
had to m eet the analysis criteria in both datasets independently to 
be included in the final list. 2) G enes represented on the array by 
more than one probe set ( —2,500 EST clusters) were included in 
the final list if at least one probe set met the analysis criteria. 3) 
Finally, the list was inspected, and probe sets that m ight corre
spond to the sam e E S T  cluster were grouped so that only unique 
genes were included in the final version.

Pairwise com parison o f each o f  the C D l lc '” '''’ DC subsets to 
each other revealed > 1 2 5  genes preferentially  expressed in 
C D 8a^  DC over C D 4^ DC and vice versa (Table lA). Sim ilarly, 
>  100 genes were preferentially expressed in C D 8 a ^  DC over DN 
DC and vice versa (Table lA). This was true independently o f 
which o f  the tw o replicate chips for each subset was used in the 
com parison and, therefore, could not be attributed to chip variation 
(data not shown). M anual inspection o f the lists generated by this 
analysis revealed the expected distribution o f  m arker genes (Table 
II). Thus, C D 8o  (M m .l858 ), DEC-205 (M m .2074), IC SB P 
(M m .3 l82), C D 24a (Mrn(>4l7), and C D  103 (M m .96) were all 
found within the list o f genes expressed at > 2 .5-fold greater levels 
in C D 8 o ' DC than in CD4* or DN DC (Table 1). C onversely, 
CD4 (M m .2209), F4/80 (M m .2254), RelB (M m .l7 4 l) , and C CR 6 
(M m .8007) all appeared am ong the genes expressed at > 2 .5-fold 
greater levels in CD 4 ‘ than in C D 8 a ^  DC; the latter three genes 
were also found on the list o f genes expressed preferentially in DN 
DC over C D 8 a*  DC (Table II). Note that F4/80 appears as a 
differentially expressed transcript in both the C D 4 ' vs DN and DN 
vs C D 8 a*  com parisons (Table 11). This is because the AvDiff 
value is 5-fold h igher in DN DC than in C D 8 a^  DC as well as 
being 3-fold higher in CD4* DC than in DN DC. For sim ilar 
reasons, ICSBP appears as differentially expressed in both C D 8 a  " 
and DN DC (Table II). Thus, differentially expressed genes do  not 
necessarily represent unique m arkers for a given population.

The identification o f the correct set o f m arker genes in each 
subset validated the analysis strategy and suggested that other 
genes in the lists were sim ilarly likely to be differentially ex 
pressed. We were surprised to find CD5, CD 7, CD 22, and CD 72, 
am ong the genes expressed preferentially in C D 8 a ” DC, while 
CD8a*^ DC preferentially  expressed the CD Id  m olecule (Table

Table I. Identification o f  genes differentially expressed between DC 
subsets"

C omparison Number of Genes

A CD4^ >  CD8«" 134
CD 8a" >  CD4 126
CD8«+ >  DN 108
DN >  CD8a* 115
DN >  CD4 + 23
CD4+ >  DN 15

B CD4+ >  DN and CD 8«- 5
CD8a* >  DN and CD4‘ 74
DN >  CD4" and CD8m+ 1
CD4" and DN >  C D 8a‘ 82
CD4* and CD8a* >  DN 5
CD8a* and DN >  CD4" 8

“A. Genes with >2.5-tolJ differences in expression were idenlitied for each pair 
of tX ' subsets, and the number of genes found is listed. 8. Cross-comparison of the 
genes that are differentially expressed among the three spleen IX ' subsets. Selection 
criteria are detailed in Results.
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Table II G en es  exp ressed  at > 2 .5 -fold A vD if f  in one subset  v.v. another, as indicated  
Cl)4*>CD8a’

II) ■
Mm.1715 
Mm 4100 
Mm. 195060 
Mm.22288 
Mm. 1645 
Mm.200627 
Mm 100144 
Mm. 15571 
Mm.1741. 
Mm. 1853 
Mm 1682 
Mm.27061 
Mm 25613 
Mm.24058 
Mm. 1282 
Mm.8308 
Mm.3925 
Mm. 19963 
Mm. 1338 
Mm.182914 
Mm.9653 
Mm. 1293 
Mm.2121 
Mm.29994 
Mm. 197523 
Mm. 6680 
Mm.206250 
Mm. 10081 
Mm.46354 
Mm 42124 
Mm.2436 
Mm.88200 
Mm.21697 
Mm. 5290 
Mm.5021 
Mm.2055 
Mm. 3388 
Mm. 117294 
Mm.8007 
Mm.2209 
Mm.3865 
Mm. 175661 
Mm.200362 
Mm.4677 
Mm.1708 
Mm.2254 
Mm 3484 
Mm.29742 
Mm 3085 
Mm.30060 
Mm. 10729 
Mm 4715 
Mm.46382 
M m.21420 
Mm.24385 
Mm.27498 
Mm.7336 
Mm. 142568 
Mm. 19029 
Mm.176725 
Mm.28780 
Mm.560 
Mm.89123 
Mm. 1423 
Mm.24642 
Mm 4406 
M m.142714 
Mm.3069 
Mm.2923 
Mm.42146 
Mm.9277

Short luime 
Lib 
Cd7 

H2-DMb2 
Ccndl 
Dtxl 

3110001A13Rik 
S100a6 

App 
Relb 

Galgtl 
P tpnsi 

0610011104Rik 
Ier3

I MAGE; 623054 
Ccl3 
Pic 

S100a4 
IMAGE;597616 

Fgr
2700038C09Rik

Gadd45g
In f

D12Ertd647e 
Eno3 

Bach-pending 
Catnd2 

AI504298 
MGC37568 

Acp5 
Sl(n2 

Bhlhb2 
Cd72 

5830413E08Rik 
IMAGE:5368562 

Ddri 
Mmp12 
ESTs 

M ania  
Gmkbf6 

Cd4 
Rnpci 

1110036C17Rlk 
Cybb 
Iff 4 

Cd22 
Emrl 
Npci 

Pa26-pending 
6230425C21Rik 
2310008N12Rik 

Ncl2 
Ptpro 

2310061 N23Rlk 
Slc2a3 

IMAGE:1396616 
Usp18 
Gcrl2 

Disp-pending 
Isg20 

IMAGE:5368562 
Plxnb2 

Ly9 
Emb 
Lyst

DKFZp564K0822
Mmp9

ank
Rin2
Il2rg
Tlr6

Pla2g7

( 1)4
4618
2840
2768
2456
2199
2074
1851
1836
1706
1666
1622
1594
1572
1515
1484
1484
1472
1411
1261
1249
1189
1160
1150
1103
1044
970
960
922
916
843
830
771
769
722
721
721
690
684
674
615
613
596
581
550
538
525
513
463
463
462
462
449
447
424
422
421
418
414
413
412
390
389
376
366
366
355
344
337
322
320
314

CDStL 
835 
329 
612 
627 
99 

534 
482 
670 
393 . 
426 
137 
342 
453 
203 
412 
373 
332 
337 
202 
326 
389 
351 
71 

272 
247 
101 
289 
236 
105 
220 
288 
115 ' 
110 
212
146
125 
250 
119 
93 
75 
163 
65 
114 
101 
<50 
<50 
184
126 
<50 
111 
93 
108 
129 
75 
91
147 
77 

<50
90 

<50 
71 
1 1 1  
73 
85 
101 
<50 
102
91 
118 
50 
103

DN
4726
2350
1799
1839
2146
2154
1795
1486
1568
1542
1027
907
1229
1095
899
1649
2064
1361
782
1409
1334
425
552
571
967
742 
781 
822 
616
338 
1199 
382 
919 
375 
832 
608 
629 
608 
655 
8 0 ,; 
693
743
330 
457 
664 
164 
381 
305 
472 
567 
298 
494 
361 
265 
437 
201
339 
127 
237 
209 
512 
194 
364 
194
331 
286 
323
332 
171 
144 
91

Unigcnc ID
Mm.3182 :
Mm.3999 
Mm.1275 
Mm.20921 
Mm.22049 
Mm.2970 
Mm.6417 
Mm.3317 
Mm.766 
Mm.215120 
Mm. 1055 
M̂m.1858x?r 
Mm.29241 
Mm. 195084 
M m.21657 
Mm.381 
Mm.71015 
Mm.89940 
Mm.29975 
Mm.62 
Mm. 22061 
Mm.2035 
Mm.27348 
Mm.2913 
Mm.89202 
Mm. 1164 
Mm.2598 
Mm.459 
Mm. 10747 
Mm.34750 
Mm.2074 
Mm.28830 
Mm.28814 
Mm.197518 
Mm.139243 
Mm.491 
Mm.157103 
Mm.2817 
Mm. 1452 
Mm. 182607 
Mm.25170 
Mm.4067 
Mm.143818 
Mm. 196531 
Mm.12895 
Mm.22526 
Mm. 10809 
Mm.21103 
Mm. 173813 
Mm.21119 
Mm.4368 
Mm.18517 
Mm.34197 
Mm.22261 
Mm,148348 
Mm.220989 
Mm.4799 
Mm.96.
Mm.141230 
Mm.4839 
Mm.943 
Mm.2044 
Mm. 12876 
Mm.9911 
Mm.6272 
Mm.43278 
Mm.203866 
Mm.6523 
Mm. 22339 
Mm.3464 
Mm. 13445

CDScjt*>CD4*
Short name CD4'

icsbiT  '  _ 3 4 5 '
M pegl 389
Txnl 1477
Igsl4 134
Crip 249

Lgais3 740
Gd24a 192

Gus 274
Gxc(9 130
111205 287

L m yd 438
Cd8a <50

IMAGE;3588380 221
Tubb2 251

AW322500 292
Adfp 91

Pdir-pending <50
Adam 19 282

Gatm 118
P d e lb 90

Sem a4a 117
Fnbpi 215
Rala 250

S l d l a l 100
Gcxcrl 51
S ec6 lg 180
Ppap2a <50

Greg 107
Aifi <50

Nudl9 121
Ly75 64

Pbef-pending 157
Gasp6 134

Laptm4b <50
IMAGE:3498155 154
3110043021 RIk 92

All 95443 98
Ppflbp2 84
Cd86 k  "T" "101,

Epiin-pending <50
3110013H01Rlk <50
Lisch7-pendlng 53

Nek6 <50
IM AGE3710928 61

Ccl22 88
2310004B05Rik 58

Fcgr2b 77
D7W su128e 135

Notch4 <50
Litaf 117
Gcic <50

Rasa3 71
Pp(2 <50
Nell 58

1500005G05Rik 80
IMAGE;5361724 88

Gcet <50
Itgae ,<50

Agpat3 96
Acvrll 60

IMAGE:634717 <50
Serpinfl <50
Gmkar3 55
Kcnn4 <50
Gcr2 <50

Olfml <50
AA589382 <50
S l0 0 a1 3 <50

Vwf 78
Fill <50

Oxct <50

C'D8u‘ DN
" 6644 1381

5220 1001
4847 1338
3311 273
2846 986
2379 1166
2274 720
2115 394
1901 209
1747 651
1461 439
1443 <50
1400 400
1294 525
1071 271
1053 104
989 108
873 228
830 174
827 53
824 298
742 216
691 407
658 92
623 58
617 286
571 <50
541 99
538 <50
491 166

" 475 71
471 190
468 102
446 55
435 195
421 112
414 93
410 87

: 409 . . 124
400 <50
387 <50
380 69
379 88
376 77
371 97
368 103
361 57
359 171
355 <50
345 151
341 <50
333 166
332 <50
328 148
326 /9
325 152
325 87

V. 321 ' <50
306 83
293 82
283 <50
268 <50
251 117
250 139
234 245
228 <50
222 181
217 56
211 <50
210 <50
207 <50

(Table continues)
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I  iiigcnc U) 
Mm, 3003 
Mm.2044 
Mm.324 
Mm.43278 
Mm.6523 
Mm.22339 
Mm.3464 
Mm. 13445 
Mm. 1021 
Mm.55143 
Mm.24411 
Mm.30144 
Mm.20488 
Mm.200644 
Mm.2131 
Mm.24510 
Mm.3368 
Mm.26600 
Mm.61526 
Mm.4512 
Mm.31308 
Mm.214752 
Mm. 2339 
Mm.997 
Mm.7760 
Mm.21965 
Mm.22715 
Mm.87155 
Mm. 14627 
Mm. 10088 
Mm. 180763 
Mm.206786 
Mm.10510 
Mm. 1850 
Mm 4983 
Mm.34106 
Mm.22583 
Mm.21772 
Mm 2020 
Mm.29087 
Mm.1461 
Mm.205791 
Mm.4658 
Mm.6676 
U59282 
Mm.195525 
Mm.18617 
Mm. 534 
Mm.9210 
Mm 4001 
Mm.1532 
Mm.20818 
Mm. 1668

Cl)8(x’> DN
Short name 

Epim 
Serpinfl 

Amy2 
Olfml 

S100a13 
Vwf 
Fill 
Oxct 

Vcami 
Dkk3 

1110017N23Rik 
Ctla2a 

1110008K06Rik 
R75096 

Elal 
Slc12a7 

Spi6 
6330505C01Rik 

Pbxl 
Cbr3 

Entpd2 
Acini 
Ptgis 
1112b 
Ar(6 

D5Er1d593e 
Ctla2b 
Ppel2 
PIscrl 
Dtnb 

R ap lg a l 
Torib 
Fcna 

BB219290 
M clr 

AI467657 
2410008H17Rik 

Smarcd2 
Csrp2 

2510009N07Rlk 
Sell 

MGC38419 
Cdfi3 
Apl6 

Atp5k-ps1 
D2Bwg0891e 

221001 IHIORik 
Igfbp7 

IMAGE;5322388 
Tshb 

IMAGE:4224574 
2600002E23Rlk 

Fmo5

D N >CD 8a*
1)4 CD8(t’ DN Unigcnc ID Short name CD4' CDK» DN

108 271 65 Mm.4406 Mmp9 355 <50 286
<50 268 <50 Mm.1881 AI325941 315 93 284
184 257 66 Mm.21420 Slc2a3 424 75 265
<50 228 <50 Mm.2856 ll6ra 163 66 246
<50 217 56 Mm. 193462 PIral 246 53 237
78 211 <50 Mm.6105 PItp 238 58 233

<50 210 <50 Mm.26364 B4gait6 313 62 217
<50 207 <50 Mm.21855 Pglyrp 218 55 212
76 201 <50 Mm.3441 Ryr3 142 <50 209

<50 198 <50 Mm. 18843 Tgm2 180 <50 192
60 191 <50 Mm.57250 H id 145 58 192

<50 169 <50 Mm.2305 Tcfeb 137 <50 186
58 165 51 Mm. 16086 A bcbla 212 <50 184

<50 165 <50 Mm.22673 F cerig 304 <50 183
151 165 <50 Mm.24001 Mef2c 288 <50 180
<50 162 <50 Mm.159648 Ms4a4c 139 <50 179
<50 155 <50 Mm.22045 Cypf13 173 <50 173
67 152 <50 Mm.47384 Clecsf6 97 <50 168

<50 149 <50 Mm.12192 LOC217353 94 <50 165
<50 143 <50 Mm.2254 ' " 3 / Emrl 525 <50 164
<50 136 <50 Mm.1186 Car2 128 <50 163
86 134 <50 Mm, 1902 AI225904 159 <50 163

<50 134 <50 Mm. 15568 Pou2f1 92 <50 162
<50 127 <50 Mm.27278 Nme3 78 52 157
<50 126 <50 Mm.34514 Arhgef3 125 <50 154
<50 123 <50 Mm.179011 Vav2 128 <50 138
<50 120 <50 Mm.34257 1190008A14Rik 115 <50 134
<50 110 <50 Mm.57009 Eat2 166 <50 132
53 105 <50 Mm.27427 D14Ucla2 115 <50 127

<50 102 <50 Mm.1013 Ligi 91 <50 126
66 100 <50 Mm.1349 IHr2 93 <50 126

<50 93 <50 Mm. 1483 Tnk2 77 <50 123
65 91 <50 Mm.3726 Slc2a3 133 <50 119

<50 90 <50 Mm.24481 AA407151 70 <50 115
61 89 <50 Mm. 18530 Ifi203 <50 <50 112

<50 85 <50 Mm,30424 Ptger3 121 <50 112
<50 82 <50 Mm.3915 Mobp 106 <50 110
<50 82 <50 Mm.21241 A930018B01Rik 70 <50 99
<50 81 <50 M90535 Mtv-7 140 <50 99
<50 81 <50 Mm.24313 IMAGE:4164282 93 <50 94
<50 77 <50 Mm.29090 4021401A16Rik 90 <50 93
76 75 <50 Mm. 1359 Plaur 80 <50 91
71 72 <50 Mm.304 Rbl 58 <50 91
54 70 <50 Mm.27643 Sm oci 51 <50 89
<50 70 <50 Mm.4485 Rgll 78 <50 87
<50 69 <50 X05315 H2-Eb2 284 <50 87
<50 69 <50 Mm. 12826 SiatSa 91 <50 86
<50 64 <50 Mm.2806 Xpc 73 <50 86
<50 62 <50 Mm.37811 Pou2f2 75 <50 84
<50 61 <50 Mm.6393 Dfy 117 <50 79
<50 59 <50 Mm. 5041 Acvr2 <50 <50 76
70 55 <50 Mm.3390 M yolb 94 <50 75

<50 50 <50 Mm. 1225 Coll 7a 1 <50 <50 73
Mm.42081 Arr 68 <50 72
Mm.173 Hoxa5 61 <50 65
Mm.6404 A bcbib <50 <50 64
Mm.31395 Ope <50 <50 62
Mm,27664 Ulk2 <50 <50 58
Mm. 154890 Sars2 <50 <50 57
Mm.141324 Prp13 <50 <50 56
Mm.1351 Hoxc4 72 <50 55

a) U nigcnc dalabasc i.D. (Im p://w \vw .ncbi.nlin .nih.gov/U niG cnc/); where no unigcne cluster has been identiHed, a 
genbank accession num ber is given instead.
b) short name indicates com m on gene nam e for
c) m ean A vD iff values for the two experim ents 
H ighlighted genes are discussed in the text.

the Unigene cluster shown.
for one probe set representing each listed gene.

II). In addition, the lists indicated differential expression o f the 
CD81 and CD 86 costim ulatory m olecules between C D 8o^  and 
C D 8 a “  DC, in contrast to published reports (50). To validate these

patterns o f gene expression we m easured their protein products in 
different DC subsets by flow cytom etry, concentrating on CD Ags 
and others for which mAbs were easily available (Fig. 2). The
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Table III Genes expressed at >2.5 fold AvDiff between any two DC subsets and the third, as indicated

8 > 4 and DN 4 and DN > 8
Unlgene ID Short name ** CD4 *’ CD8a* DN Unlgene ID Short name CD4* CD8a* DN

Mm.3182 Icsbp 345 6644 1381 Mm.1715 Ltb 4618 835 4726
Mm.3999 Mpegl 389 5220 1001 Mm.4100 Cd7 2840 329 2350
Mm. 1275 Txnl 1477 4847 1338 Mm.1645 Dtxl 2199 99 2146
Mm.6417 Cd24a 192 2274 720 Mm.200627 3110001A13Rik 2074 534 2154
Mm.3317 Gus 274 2115 394 Mm.100144 S100a6 1851 482 1795
Mm.766 Cxcl9 130 1901 209 Mm.1741 Relb 1706 393 1568
Mm.1055 Lmycl 438 1461 439 Mm.1853 Galgtl 1666 426 1542
Mm.1858 Cd8a <50 1443 <50 Mm.25613 Ier3 1572 453 1229
Mm.29241 IMAGE:358B380 221 1400 400 Mm.24058 IMAGE:623054 1515 203 1095
Mm.20921 Igsf4 51 1392 103 Mm.8308 Pfc 1484 373 1649
Mm.21657 AW322500 292 1071 271 Mm.3925 S100a4 1472 332 2064
Mm.381 Adfp 91 1053 104 Mm.19963 IMAGE;597616 1411 337 1361
Mm.71015 Pdir-pending <50 989 108 Mm.1338 Fgr 1261 202 782
Mm.89940 Adam19 282 873 228 Mm.182914 2700038C09Rik 1249 326 1409
Mm.29975 Gatm 118 830 174 Mm.9653 Gadd45g 1189 389 1334
Mm.62 Pdelb 90 827 53 Mm.2121 012Ertd647e 1150 71 552
Mm.2035 Fnbpi 215 742 216 Mm.1682 Ptpnsi 1030 <50 679
Mm.2913 S ld la l 100 658 92 Mm.10081 MGC37568 1001 285 1038
Mm.89202 Ccxcrl 51 623 58 Mm.6680 Catnd2 970 101 742
Mm.2598 Ppap2a <50 571 <50 Mm.46354 AcpS 916 105 616
Mm.459 Creg 107 541 99 Mm.2436 Bhlhb2 830 288 1199
Mm.10747 Aifi <50 538 <50 Mm.21697 5830413E08Rik 769 110 919
Mm.2074 Ly75 64 475 71 Mm.5021 Ddri 721 146 832
Mm.28B14 Casp6 134 468 102 Mm.2055 Mmp12 721 125 608
Mm.3368 Spi6 <50 462 66 Mm.8007 Cmkbr6 674 93 655
Mm.197518 Laptm4b <50 446 55 Mm.3865 Rnpci 613 163 693
Mm.491 3110043021 Rik 92 421 112 Mm.175661 1110036C17Rik 596 65 743
Mm.157103 A1195443 98 414 93 Mm.4677 lrf4 550 101 457
Mm.2817 Ppfibp2 84 410 87 Mm.1708 Cd22 538 <50 664
Mm.1452 CdS6 101 409 124 Mm.2254 Emrl 525 <50 164
Mm.182607 EpIin-pending <50 400 <50 Mm.3085 6230425C21Rik 463 <50 472
Mm.25170 3110013H01Rik <50 387 <50 Mm.30060 2310008N12Rik 462 111 567
Mm.4067 Llscti7-pending 53 380 69 Mm.4715 Ptpro 449 108 494
Mm.143818 Nek6 <50 379 88 Mm.46382 2310061 N23Rik 447 129 361
Mm.196531 IMAGE:3710928 61 376 77 Mm.21420 Slc2a3 424 75 265
Mm.12895 Ccl22 88 371 97 Mm.117294 Mania 423 56 314
Mm.22526 2310004B05Rlk 58 363 103 Mm.24385 IMAGE:1396616 422 91 437
Mm.10809 Fcgr2b 77 361 57 Mm.7338 Ccrl2 418 77 339
Mm.173813 Notch4 <50 355 <50 Mm.28780 Plxnb2 390 71 512
Mm.4368 Gcic <50 341 <50 Mm.22288 Ccndl 377 112 433
Mm.34197 Ppt2 <50 332 <50 Mm.89123 Emb 376 73 364
Mm.148348 1500005G05Rik 80 326 79 Mm.24642 DKFZp564K0822 366 101 331

Mm.4799 Gcet <50 325 87 Mm.4406 Mmp9 355 <50 286
Mm.96 Itgae <50 321 <50 Mm.142714 ank 344 102 323
Mm.141230 AgpatS 96 306 83 Mm.26364 B4galt6 313 62 217
Mm.943 IMAGE;634717 <50 283 <50 Mm.22673 Fcerig 304 <50 183
Mm.2044 Serpinfl <50 268 <50 Mm.3137 Ptgs2 304 54 412
Mm.43278 Olfml <50 228 <50 Mm.19119 2210402018Rik 299 <50 335
Mm.6523 S100a13 <50 217 56 Mm.1068 Bcl3 291 80 302
Mm.22339 Vwf 78 211 <50 Mm.1347 Mix 290 64 351
Mm.3464 FItl <50 210 <50 Mm.24001 Mef2c 288 <50 180
Mm.13445 Oxct <50 207 <50 X05315 H2-Eb2 284 <50 87
Mm.55143 Dkk3 <50 198 <50 Mm.193462 PIral 246 53 237
Mm.24411 1110017N23Rik 60 191 <50 Mm.6105 PItp 238 58 233
Mm.30144 Ctta2a <50 169 <50 Mm.2072 Ms4a4d 226 70 349
Mm.200644 R75096 <50 165 <50 Mm.16086 Abcbla 212 <50 184
Mm.24510 Slc12a7 <50 162 <50 Mm.3441 Ryr3 192 <50 266
Mm.61526 Pbxl <50 149 <50 Mm.18843 Tgm2 180 <50 192
Mm.4512 Cbr3 <50 143 <50 Mm.22045 Cypf13 173 <50 173
Mm.31308 Entpd2 <50 136 <50 Mm.57009 Eat2 166 <50 132
Mm.2339 Ptgis <50 134 <50 Mm.21855 Pglyrp 162 <50 156
Mm.997 1112b <50 127 <50 Mm.1902 AI225904 159 <50 163
Mm.7760 Arl6 <50 126 <50 M90535 Mtv-7 140 <50 99
Mm.21965 D5Ertd593e <50 123 <50 Mm.159648 Ms4a4c 139 <50 179

(Table continues)
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8 > 4 and DN 4 and DN >  8
U nlgeocU )" Short name CD4* CD8a* DN Unigene ID Short name CD4* CD8a* DN

Mm.22715 Ctla2b <50 "" 120..... < 5 0 " Mm.2305 Tcfeb 137 <50 186
Mm.87155 Ppef2 <50 110 <50 Mm.3726 Slc2a3 133 <50 119
Mm.10088 Dtnb <50 102 <50 Mm.179011 Vav2 128 <50 138
Mm.1850 BB219290 <50 90 <50 Mm.34514 Athgef3 125 <50 154
Mm.34106 AI4676S7 <50 85 <50 Mm.30424 Ptger3 121 <50 112
Mm.21772 Smarcd2 <50 82 <50 Mm.6393 Dfy 117 <50 79
Mm.1461 Sell <50 77 <50 Mm.27427 D14Uda2 115 <50 127
Mm.9210 IMAGE:439808 <50 62 <50 Mm.3915 Mobp 106 <50 110
Mm.1532 IMAGE:4224574 <50 59 <50 Mm.3390 Myolb 94 <50 75
Mm.1668 FmoS <50 50 <50 Mm.1349 Il1r2 93 <50 126

Mm.24313 IMAGE:4164282 93 <50 94
Mm.1013 Ugl 91 <50 126
Mm.12826 Siat8a 91 <50 86
Mm.4485 Rgll 78 <50 87
Mm.1483 Tnk2 77 <50 123
Mm.37811 Pou2f2 75 <50 84
Mm.2806 Xpc 73 <50 86
Mm.1351 Hoxc4 72 <50 55

4 > 8 and DN 8 and DN > 4
Unigcnc ID Short name CD4* CD8a* DN Unigcnc ID Short name CD4* CDSa* DN

Mm.1293 Tnf 1160 351 425 Mm.3182 Icsbp 345 6644 138Ï
Mm.2209 Cd4 615 75 80 Mm.22049 Crip 249 2846 986
Mm.2254 Emrl 525 <50 164 Mm.6417 Cd24a 192 2274 720
Mm.142568 DIsp-pendIng 414 81 127 Mm.71015 Pdir-pending <50 989 108
Mm.9277 Pla2g7 314 103 91 Mm.6272 Ccr2 <50 234 245

Mm.203866 AA589332 <50 222 181
Mm.21299 AW549877 <50 150 68
Mm.1Z743 Tsga2 <50 127 52

4 and 8 >  DN
Unigcne ID Short name CD4* CD8a* DN

Mm.104747 igk-V28 169 171 <50
Mm.205791 MGC38419 76 75 <50
Mm.4658 Cdh3 71 72 <50
Mm.20818 2600002E23Rlk 70 55 <50
Mm.6676 Ap«6 54 70 <50

a) Unigene database I.D. (http://www.ncbi.nlm.nih.gov/UniGene/); where no unigene cluster has been 
identified, a genbank accession number is given instead.
b) short name indicates common gene name for the Unigene cluster shown.
c) mean AvDiff values for the two experiments for one probe set representing each listed gene. 
Highlighted genes are discussed in the text.

staining patterns confirmed that CD5, CD22, and CD72 are all 
preferentially expressed in C D 8 a “ DC, whereas CD Id, CDS I , and 
CD86 are expressed at higher levels by CDSor^ DC (Fig. 2). Other 
m arkers (CD24a, CD 103, F4/80) also showed the expected subset 
distribution pattern (Fig. 2). Thus, there was a remarkable corre
lation between the microarray analysis and protein expression re
sults, dem onstrating that our data can be used to identify markers 
that distinguish DC subsets. Interestingly, the staining patterns ob
tained with C D 8 a ^  and CD 4^ DC were mostly unimodal (Fig. 2), 
suggesting that these subsets are relatively homogeneous. In con
trast, the DN subset was heterogeneous with respect to staining for 
CD5, CD22, F4/80, C D 8I, and CD86, suggesting that DN DC 
com prise subpopulations.

Pairwise comparison of the C D 4^ and DN DC subsets revealed 
only ~ 2 0  differentially expressed genes (Table 14), suggesting that 
the two CD8o(“ DC subsets are more similar to each other than to 
CD8or^ DC. To confirm this conclusion, a three-way comparison 
between all subsets was conducted (Table Ifl). We selected genes 
that were expressed in one subset at > 5 0 - and >2.5-fo ld  AvDiff 
than in both other subsets (i.e., A >  B and A >  C). We further 
refined the data by applying the three criteria listed above. This

form o f analysis showed that ~ 8 0  transcripts were expressed at 
>2.5-fo ld  higher levels in C D 8 a^  DC com pared with either 
C D 8a~  DC subset and vice versa, whereas <  10 genes were shared 
between C D 8a^  DC and either C D 8 a “ population. Surprisingly, 
by these criteria there was only one gene in DN DC and only five 
in C D 4^ DC (including CD4) that were preferentially expressed 
compared with other DC subsets (Table IB). Manual inspection o f 
the lists revealed a number o f familiar markers that validated the 
analysis strategy, such as DEC-205, ICSBP, CD 103, and F4/80 
(Table III).

Analysis o f  differentially expressed genes by literature mining  
and clustering

The set o f genes identified as differentially expressed between 
these cell types might indicate differences in the functions o f these 
cells. To obtain functional information about these genes, a com 
putational analysis o f published information was used. Because o f 
the similarity between C D 4^ and DN DC (see above), we con
centrated on a comparison between C D 8 a ^  and the two other 
C D 8a~  DC subsets grouped together (CD 4^ and DN). Functional 
relationships among genes differentially expressed in C D 8a^  vs

http://www.ncbi.nlm.nih.gov/UniGene/
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F IG U R E  2. Confirmation of expression of differentially expressed 
penes at the protein level. GDI Ic-enriched splenocytes were stained with 
mAbs against the protein products of selected genes identified as differ
entially expressed by subsets in pairwise comparisons (Table II). Cells 
were counterstained for GDI Ic. CDSo. and CD4. Histograms in bold show 
staining levels for the indicated genes after electronic gating on each of the 
three subsets. Dotted histograms show staining with isotype-matched con
trols. Similar staining was seen in two to five independent experiments. Bar 
graphs above histograms show the mean AvDiff values of a probe set 
specific for the same gene.

C D 8a~ DC were investigated using a literature-based mining 
technique through the analysis of patterns of term occurrences in 
literature abstracts (53). Interestingly this analysis revealed among 
the most commonly shared terms in abstracts for this group of 
genes to he related to immunity, inflammatory, dendritic, DC, sub
sets, spleen, lymphoid, or myeloid. These terms were found among 
a vocabulary related to immunology (e.g., chemotactic, Ig, lymph, 
nodes, hemopoietic, bone, marrow, and lymphocyte), indicating 
that several of the genes we found have previously been associated 
with DC subsets or at least linked to immunologic phenomena. 
This vocabulary has not been found in other datasets similarly 
subjected to literature profiling (53, 55), hence validating the func
tional relevance of this approach. However, as shown in Fig. 3, the 
abstracts of several other genes differentially expressed in DC sub
sets lacked such vocabulary. These genes have been linked to var
ious aspect of cell biology (e.g., apoptosis, transport, metabolism, 
and phosphorylation) and could underlie previously unrecognized 
functional properties of the murine DC subsets in question.

The Gene Ontology database groups genes on the basis of func
tional processes in which they have been implicated. Of the genes 
expressed in all DC subsets (AvDiff >  50; 4099 genes), —35% 
were annotated in Gene Ontology at level 2, of which most were 
associated with cell growth and/or maintenance (>75% ), cell com
munication (>25% ), and developmental processes (7%; Table IV). 
In cotnparison, the lists of genes selectively expressed in CD4 *

over CD8a^ DC or CD8o+ over CD4^ DC were enriched for 
entries associated with cell communication and developmental 
processes (Table IV, highlighted). At higher detail (levels 3 and 4), 
fx)th subset-restricted lists were selectively enriched for genes in
volved in responses to external stimuli, in signal transduction from 
cell surface receptors, and in embryogenesis and morphogenesis, 
specifically at the level of histogenesis and organogenesis (Table 
IV, highlighted). These results demonstrate that the genes selec
tively expressed in DC subsets are not simply a random sample of 
the total repertoire of DC-expressed genes, but, rather, reflect spe
cific biological processes.

Discussion
The phenotype and function of murine DC subsets remain contro
versial. We have conducted an analysis of the transcriptome of 
conventional murine spleen DC in an effort to better characterize 
these cells and to identify differential gene expression patterns that 
might offer insights into DC subset function. Here we confirm the 
differential expression of many known DC subset markers and 
describe for the first time differential expression of CD Id, CD5, 
CD22, and CD72 among C D Ilc '”**'’ DC. CD Id, a nonclassical 
MHC class l-like molecule involved in Ag presentation to NKT 
cells (56), is expressed by all DC. but shows highest expression in 
the CD8a^ subset (Fig. 2). DC have recently been shown to ac
tivate NKT cells in vivo (57), but possible differences in the role 
of the C D 8a“ and CD8« ' DC subsets in this process remain to be 
determined. CD5, CD22, and CD72 show a much more restricted 
subset distribution (Fig. 2) and can effectively fie used as novel 
markers for the C D 8a“ subsets. CD22 has been descrified as play
ing a role in controlling B cell Ag receptor signaling in B cells by 
recruiting phosphatases to the signaling complex (58). Similarly, 
CD5, expressed in a subset of B cells, has been shown to have 
inhibitory functions on B cell Ag receptor signaling (59). Whether 
they could also tie involved in negative regulation of DC activation 
is an area for further study. Interestingly, C D 8a" DC also express 
CD72, a ligand for CD5 (60), raising the possibility of autocrine or 
paracrine functional regulation in these subsets.

We conducted the analysis on each dataset independently, an 
approach that was deemed to tie more stringent than averaging the 
values from the two datasets before applying the analysis criteria. 
In addition, in cases where more than one protie set existed for a 
given gene, we included that gene if at least one probe set matched 
the search criteria. This approach was less stringent than selecting 
only genes for which all protie sets matched the analysis criteria. 
However, we found that the latter approach excluded many genes 
that were genuinely differentially expressed. For example, CD36 is 
represented on the array by one probe set, which shows a higher 
signal for the CD8« DC subset, but also by two additional protie 
sets for which there is no signal in any of the subsets (see Footnote
6). Similar results are seen with some other genes known to be 
differentially expressed among subsets (see Footnote 6). Protie sets 
for which there is no signal in any subset are effectively uncontrolled 
sections of the array, and we tielieve we are Justified in excluding 
them. Nevertheless, even on the basis of a single probe set, CD36 did 
not make it into the final table of genes expressed preferentially in 
CD8a * (Tables II and III) despite tieing a known CD8a * DC marker 
(46,47). Inspection of the raw data (see Footnote 6) revealed that this 
was because the ratio of AvDiff values for the main CD36 protie set 
did not meet the criterion that it be >2.5 in both datasets: the 8/4 ratio 
was 3.21 in the first experiment, but only 2.48 in the second; similarly, 
the 8/DN ratio was 3.04 in the first dataset, but 2.15 in the second. 
This demonstrates that our analysis criteria can be over stringent and 
exclude truly differentially expressed genes. Conversely, it is possible
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FIGURE 3. Assessment of functional relationships through the analysis of literature profiles. Functional relationships among genes differentially ex
pressed in CD8a* (red) and CD4*/DN (blue) DC subsets were mapped through the analysis of patterns of term occurrences in literature abstracts. Genes 
are arranged by hierarchical clustering of term occurrence values. Shades of yellow indicate levels of term occurrence in abstracts. A subset of representative 
terms used in the analysis was chosen to annotate this li.st.

that some of the genes that appear as differentially expressed in our 
lists may turn out not to be so. All analysis criteria tread a fine line 
between inclusion of truly differentially expressed genes and exclu
sion of false positives. The availability of the raw data‘s will allow

individual researchers to carry out their own analysis according to 
personal preference. Note that those raw data also include AvDiff 
values determined after 2 h of DC culture ex vivo, which are not 
discussed in this paper. Comparison of the two time points will allow
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Table IV. Comparison o f differentially expressed genes hy GO classification"

Oescripcion 
of Category

Percentage of Genes in Category

ALL 4 >  S « >  4

Level 2 Number o f annotated genes 1477 71 59

Cell growth and/or maintenance 76.4 66.2 59.3
Cell communication 253 483 40.7
Developmental processes 7.0 9.9 13.6

Level 3 Number o f annotated genes 1413 69 50

Metabolism 58.2 46.4 48.0
Signal transduction 153 30.4 26.0
Transport 11.9 lO.I 12.0
Response to external stimulus 10.0 30.4 28.0
Cell cycle 7.8 13.0 4.0
Embryogenesis and morphogenesis 4 3 8.7 10.0

Level 4 Number o f annotated genes 1333 67 4H

Nucleobase, nucleoside, nucleotide, and 
nucleic acid metabolism

23.1 22.4 14.6

Response to biotic stimulus 8.6 29.9 27.1
Cell surface receptor-linked signal 

transduction
8.0 19.4 12.5

Phosphate metabolism 7.5 8.9 10.4
Intracellular signaling cascade 7.2 10.4 8.3
Histogenesis and organogenesis 4 3 8.9 10.4
Cell cycle control 3.4 10.4 4.1

" Lists of genes ditt'erentlally expressed between CD4'*' and CD 8a“ DC were compared with the list of genes showing AvDiff 
> 50 in all subsets. All categories that contained at least 10% of genes in one or more list are shown. Categories in bold contain 
a large excess of genes expressed differentially in the two subsets, suggesting a role for these processes in DC subset biology.

analysis of genes up- or down-regulated during spontaneous DC mat
uration (61).

Murine C D lIc '”^'’ DC have traditionally been divided simply 
on the basis o f C D S a expression, w ithout further subdivision on 
the basis o f CD4. Interestingly, our findings support this historic 
distinction. Thus, we find that DN and C D 4^ DC share many more 
genes with each other than with C D S a^  DC (Table IB). However, 
whereas the C D 4^ DC subset is fairly homogeneous by flow cy
tometric analysis, DN DC are heterogeneous with respect to the 
expression of CD5, CD22, F4/80, C D 8I, and CD86 (Fig. 2). Such 
heterogeneity cannot be explained by cross-contamination of DN 
DC with either o f  the two other subsets or other cell types (Fig, 1C  
and data not shown), and it is therefore likely that DN DC com 
prise at least two subpopulations. Despite their similarity at the 
gene expression level, DN and C D 4^ DC differ significantly in one 
functional aspect: whereas DN DC, like C D 8 a ^  DC, can make 
IL-12 p70 when appropriately stimulated, C D 4^ DC appear un
able to do so (35, 41). Similarly, C D 4^ DC make less IL-12 p40 
than DN DC (A. D. Edwards and C. Reis e Sousa, unpublished 
observations). Interestingly, both DN DC and C D 8 a ^  DC express 
ICSBP/IRF8 (Tables II and III), a transcription factor implicated in 
IL-12 p40 gene expression (62) and C D 8 a^  DC development (48, 
49). In contrast, ICSBP is expressed at much lower levels in CD 4^ 
DC (Tables II and III), suggesting that it could account for subset 
differences in IL-12 production. However, we have failed to in
crease the ability o f C D 4^ DC to produce IL-12 after ICSBP over
expression (C. Reis e Sousa, unpublished observations).

The lists o f differentially expressed genes we have generated 
(Tables II and III), include many immunologically relevant mol
ecules not previously described as differentially expressed in DC, 
such as some chem okines and their receptors (e.g., C X C R l,

CXCL9, and CCL22), signaling components (e.g., RyR3, IFN reg
ulatory factor 4, and STAT-4), MHC molecules (e.g., H-2DMb2), 
proteins involved in resistance to CTL lysis (e.g., SPI6), and many 
others. Broad categorization o f differentially expressed genes into 
biological processes using Gene Ontology showed a significant 
association with responses to biotic stimuli, signal transduction 
from cell surface receptors, and developm ent (Table IV). Such an 
association was not seen when total DC-expressed genes were sim
ilarly categorized (Table IV). Therefore, these processes identify 
areas o f cell biology in which C D 4^ and C D 8 a ^  DC are likely to 
show significant differences (Table IV). Interestingly, the analysis 
o f literature abstract contents for some of the genes differentially 
expressed among DC subsets also highlighted genes involved in 
development and signal transduction. For example, Hlx and Hoxc4 
belong to the homeobox family o f genes and are preferentially 
expressed by the C D 4^/D N  subsets. Both genes share terms such 
as bone, marrow, lineage, hemopoietic, and CD34, suggesting their 
involvement in hemopoiesis. Indeed, both Hlx and Hoxc4 are ex
pressed in myeloid and lymphoid cells at various stages o f devel
opment (63 ,64). Hlx is also involved in the signaling pathway that 
leads to type I cytokine production in T  cells (65) and plays an 
important role in T  cell development (66), suggesting that it could 
similarly regulate DC lineage determination. In addition, Notch4, 
a member o f the Notch family o f receptors that play an important 
role during T  cell development (67), was identified as preferen
tially expressed in the C D 8 a^  subset. In contrast, D tx l, found 
primarily in the C D 8 a“ subsets, is a positive regulator o f the 
Notch pathway. Signaling through Notch may be o f importance for 
DC subset development, and Notch ligands were recently shown to 
induce maturation o f human monocyte-derived DC (68). Never
theless, it is premature to speculate on the role o f these or any other
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m olecules without further studies. Indeed, only a few genes that 
are expressed differentially between DC subsets, including RelB 
(51 ) and ICSBP (48 ,49 ), have yet been shown to be critical for DC 
developm ent and/or function. The genes highlighted here consti
tute important candidates for future analysis.
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