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Preface

I was diagnosed with secondary progressive multiple sclerosis (MS) in 1994 at the
Queen’s Medical Centre in Nottingham. At that time, I was told that there was
no treatment available apart from steroids. After being diagnosed, I joined the MS
society of Great Britain and Northern Ireland. I became a member of its Research
Network, when it was formed with the aim to actively involve people affected by
MS in all aspects of the Society’s research programme and the communication of
research results.

Through the Research Network, I have been involved in reviewing grant ap-
plications and as a ‘research buddy’ to researchers in the field. It is through such
scheme that I along with two other network members (also affected by MS) were
assigned to Dr Gran’s research project investigating the role of Toll-like receptors in
the modulation of human regulatory T cells. As a consequence of my involvement
in this project, I was asked by Dr Gran to talk on “What people with multiple scle-
rosis would like from Immunology” at the 2-day conference held in Nottingham in
October 2010 entitled ‘Multiple Sclerosis Immunology: A foundation for current
and future treatments’, on which this book is based.

The conference brought together researchers and clinical neurologists from all
over the world and gave all those who attended a chance to see where the field of
MS research stands and where it is heading. It is an exciting time in MS research as
many new treatments, mostly immunotherapies, have either been approved or are in
the pipeline. Progress is also being made into understanding how the immune system
functions in MS and with greater understanding come new potential treatment targets.
A continued dialogue between basic and clinical scientists ensures that translation
from bench to treatment is more likely to be effective.

People with MS would obviously ultimately like a cure to be found for this debili-
tating condition, but most would settle for keeping the disease where it is, stopping its
progression. A diagnosis of MS brings with it fear and uncertainty; you never know
what symptom will hit you next, how long it will last or if indeed it will resolve.
Present disease-modifying treatments reduce the number of relapses and may slow
progression. I was very interested that trials on alemtuzumab showed an improve-
ment in disability. Unfortunately, the side effects of the treatment are more severe
than those of current treatments. With new treatments come new dilemmas for both
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patients and neurologists in weighing up the pros and cons. Apart from the work on
alemtuzumab presented by Dr Coles, I found the presentations by Prof Yamamura,
the keynote speaker, and Prof Constantinescu, Head of Academic Neurology in Not-
tingham, particularly interesting. The first was a fascinating talk on the potential role
of gut flora and the increased incidence of MS in Japan. The second was about the
frequent association of MS with other autoimmune conditions.

I recently completed a master’s degree in parasitology and studied how helminths
produce excretory/secretory molecules, which modulate the immune system in the
host and are being investigated as potential treatments in various autoimmune con-
ditions. Recruitment has just started in Nottingham for a clinical trial, in which the
immunomodulatory effects of the hookworm Necator americanus will be tested for
the treatment of MS.

Overall, I feel that what immunology can do for people with MS is to give them
hope for the future, that the condition can be managed and the slide into disability
staved off indefinitely. I find it very encouraging that so much work is being done in
the field of MS.

Manchester, UK Ms. Rebecca Rushworth
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Chapter 1
Th17 Cells in Autoimmune Inflammation and
Demyelination in the Central Nervous System

Vijay K. Kuchroo and Thomas Korn

1.1 Introduction

In 2011, an extensive genome-wide association study (GWAS) was published on
genetic loci associated with multiple sclerosis (MS; Sawcer et al. 2011). This most
recent GWAS involved the unprecedented number of 9,772 MS cases and 17,376
controls of European descent. In addition to HLA DRB1*15:01 conferring increased
risk of developing MS and HLA A*02:01, which is protective, a set of novel non-
MHC loci were identified to be associated with an increased risk of developing
MS. Most of the non-MHC genes/loci that were linked to susceptibility to MS were
immune genes, therefore unequivocally supporting that MS is an immune-mediated
disease. The sets of genes nearest to the respective lead SNP comprised cytokines
and chemokines and their receptors (CXCRS, IL-2RA, IL-7R, IL-12RB1, IL-22Ra2,
IL-12A, IL-12B, IRF8, TNFRSF1A, TNFRSF14, and TNFSF14), costimulatory
molecules (CD37, CD40, CD58, CD80, CD86, CLECL1), and signal transduction
molecules (CBLB, GPR65, MALT1, RGS1, STAT3, TAGAP, TYK2; Sawcer et al.
2011). The majority of these molecules are crucial for the generation and function
of T cells.

Upon contact with antigen, T cells become activated, expand, and acquire various
effector and regulatory phenotypes. Many of the MS susceptibility genes encode for
products that play a critical role in this differentiation process of naive T cells into
T helper effector subsets. For example, IL-12, which is a heterodimer composed of
IL-12A (p35) and IL-12B (p40), is an essential differentiation factor for development
of IFN-y producing Th1 cells. On the other hand, IL-12B (p40) is also part of the
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Klinikum rechts der Isar, Department of Neurology, Technische Universitit Miinchen,
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2 V. K. Kuchroo and T. Korn

cytokine IL-23, which is a heterodimer composed of IL-12B and IL-23p19. IL-23,
which signals via STAT3, is necessary for the development of Th17 cells. Interest-
ingly, IL-23R, which has been genetically linked to psoriasis, ankylosing spondylitis,
and inflammatory bowel disease by GWAS (Duerr et al. 2006; Nair et al. 2009), has
not yet emerged as a gene linked to MS. Thus, there is an urgent need to integrate the
data from GWAS into functionally relevant models to understand the mechanisms
by which MS is induced and identify relevant targets that could be exploited for drug
development. Working models that consider niche-specific conditions that influence
the functional phenotype of T helper cell subsets might be particularly rewarding.
In this chapter, we will focus on Th17 cells whose significance for the develop-
ment of immunopathology in autoimmunity and chronic inflammatory conditions is
increasingly being recognized.

1.2 Th17 Cells as a Distinct Lineage of T Helper Cells

The IL-17Agene was cloned as Ctla-8 from a CD8™ T cell hybridoma in 1993 (Rou-
vier et al. 1993). The IL-17 family of cytokines has six members (A-F) and has
been thoroughly reviewed (Iwakura et al. 2011; Kolls and Linden 2004; Weaver
et al. 2007). Both IL-17 and IL-17F have inflammatory properties but are different
in terms of their biological significance in various anatomical compartments (Yang
et al. 2008b), which is likely due to differential expression of the receptors on the
target cells. Although IL-17 has long been known to be produced by cells of the
innate immune system, it attracted much attention only after it was discovered that
a subset of effector CD4™" T helper cells also produced IL-17 (Yao et al. 1995). The
idea that IL-17-producing T cells might be a distinct CD4™ T helper cell subset was
a major conceptual breakthrough because the paradigm of T helper cell development
had thus far been dichotomous comprising only Th1 and Th2 cells (Mosmann et al.
1986; Fig. 1.1). Tim Mosmann and Bob Coffman had shown that a naive CD4" T
cell, upon contact with cognate antigen, becomes activated and adopts a specific phe-
notype, which is characterized by a set of signature cytokines. For example, Th1 cells
produce large amounts of IFN-y and thus activate macrophages and license them to
kill intracellular pathogens such as Listeria (Hsieh et al. 1993). In contrast, Th2 cells
produce IL-4 and induce eosinophilic inflammation that is crucial to host defense
against parasitic infections (Sokol et al. 2008, 2009). These functional properties
have been proven in many experimental models and highlight that the development
of a particular T helper effector subset is required to induce a specific type of in-
flammation “customized” for clearing a specific class of pathogen(s). Later, these T
helper subsets were shown to require specific differentiation factors and to express
“lineage-specific” transcription factors. Th1 cells are induced by IL-12 and express
T-bet as their lineage-specific transcription factor, while Th2 cells are induced by
IL-4 and express Gata-3 as a Th2-specific master transcription factor (Murphy and
Reiner 2002). Since IL-17 is not expressed by either Th1 or Th2 cells, and since
IL-17-producing T cells can be generated in the genetic absence of either T-bet or
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IL-17
IFN-y IL-4 IL-17F

IL-21

IL-22
Macrophages Eosinophils Neutrophils

Fig. 1.1 Types of T helper cell-mediated inflammation. Effector functions of Thl- versus Th17-
driven immunopathology. Thl, Th2, and Th17 cells have been identified as distinct effector T
helper cell lineages. While dysregulated Th2 responses play a role in the pathology of allergic
reactions with eosinophils as prototypic responder cells, organ-specific autoimmune diseases such
as MS are mediated by Th1 and Th17 cells. IFN-vy, the signature cytokine of Th1 cells induces the
upregulation of MHC class II molecules on a variety of immune cell types (but also on astrocytes)
and activates macrophages. In contrast, IL-17 unleashes a wide tissue response due to its broad
receptor distribution. For example, endothelial cells and astrocytes are activated by IL-17 and
produce ELR™ chemokines (including CXCL1 and CXCL2) that attract neutrophils

Gata-3 transcription factors that are required for the generation of Th1 and Th2 cells,
respectively, it was suggested that IL-17-producing T cells might be a lineage dis-
tinct from Th1 or Th2 cells (Harrington et al. 2005; Park et al. 2005). This idea was
consolidated when ROR-yt was identified to be an indispensable transcription factor
in Th17 cells (Ivanov et al. 2006). ROR-yt cooperates with ROR-a, Stat3, and Irf-4
to establish the Th17 program (Brustle et al. 2007; Yang et al. 2007, 2008c¢). Besides
IL-17 (IL-17A), Th17 cells express a set of other cytokines including IL-17F, IL-21,
and IL-22 (Korn et al. 2009).

Because of their presence at sites of tissue inflammation and due to production of
proinflammatory cytokines, Th17 cells have been implicated in many autoimmune
and chronic inflammatory conditions both in animal models and in human diseases.
However, it has been difficult to attribute the pathogenicity of Th17 cells to one
solitary cytokine that they produce (Haak et al. 2009; Kreymborg et al. 2007; Son-
deregger et al. 2008). Yet, IL-17A knockout (KO) mice are relatively resistant to
the development of experimental autoimmune encephalomyelitis (EAE; Komiyama
et al. 2006) and EAE cannot be induced at all when Th17 responses are not sustained
as in IL-23p19 KO mice or in IL-23R KO mice (Awasthi et al. 2009; Cua et al. 2003).
Furthermore, GM-CSF KO mice are resistant to EAE and GM-CSF was suggested to
be a target of ROR-yt indicating that ROR-yt-driven expression of GM-CSF might
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define the pathogenicity of T cells in central nervous system (CNS)-directed autoim-
munity (Codarri et al. 2011; Hirota et al. 2011; McQualter et al. 2001). However,
GM-CSF is produced by many cell types besides T cells and the cellular targets of
GM-CSF in autoimmunity are not yet defined. As a conclusion from these studies, it
is clear that effector T helper subsets are not functionally equivalent to any individual
effector cytokine that they produce and a thorough identification of those (combi-
nations of) factors that make Th17 (and other T cells) pathogenic such that they are
able to induce autoimmune tissue inflammation is required. The identification of
such factors in pathogenic Th17 cells will provide targets for drug development (see
the next section) to prevent and restrain autoimmunopathology.

Although the majority of reports attribute a proinflammatory function to Th17
cells, tissue protective properties or induction of tissue repair has also been attributed
to Th17 cells in the liver, the gut, and the heart in models of chronic inflammation
(Chang et al. 2006; Sugimoto et al. 2008; Zenewicz et al. 2007). One way to interpret
these data is that the proinflammatory and protective functions of Th17 cells are
context-dependent, i.e., it might be a result of the anatomical compartment where
Th17 cells are generated. Another interpretation of the data is that indeed there
are two different subtypes of Th17 cells, one that is pathogenic and another that is
nonpathogenic or protective. In order to conceptualize this at a molecular level, it
has been very helpful to define various differentiation conditions of Th17 cells in
a reductionist but very well-defined setting. Although IL-23, which shares the p40
subunit with IL-12 but has a specific p19 subunit—was initially thought to be the
differentiation factor for Th17 cells, it was rapidly recognized that naive T cells
did not express the receptor for IL-23 and therefore did not differentiate into Th17
cells upon exposure with IL-23. In 2006, three independent groups discovered that
the combination of TGF-1 and IL-6 was necessary and sufficient to induce IL-17
in naive T cells (Bettelli et al. 2006; Mangan et al. 2006; Veldhoen et al. 2006a).
Upon exposure with TGF-$1 and IL-6, naive T cells also start expressing IL-23R
and thus become responsive to IL-23 (Zhou et al. 2007). Based on this knowledge,
it has been hypothesized that Th17 cells might be different depending on whether
or not they have been exposed to IL-23. Although this question has not yet entirely
been resolved, it is clear that exposure to IL-23 is required for Th17 cells to attain
a pathogenic phenotype (see the next section). The suppression of IL-10 or the
induction of IL-7R in precommitted Th17 cells by IL-23 has been suggested to be
the mechanism by which IL-23 makes Th17 cells pathogenic (Ghoreschi et al. 2010;
McGeachy et al. 2007, 2009). Similar to IL-23, the role of IL-1 in the terminal
differentiation of Th17 cells is only partly understood. IL-1R KO mice do not mount
productive Th17 responses and IL-23 cannot compensate for this deficit (Sutton
et al. 2006). Recent studies show that exposure of naive T cells to IL-1 may induce
a functionally distinct subset of Th17 cells that is more proinflammatory than Th17
cells differentiated in the absence of IL-1 (Zielinski et al. 2012). Taken together,
emerging data suggest that IL-17-producing T cells may contain distinct subsets that
produce different combinations of cytokines together with IL-17 and have distinct
functions not only in response to pathogens, but also during autoimmunity and tissue
repair.
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1.3 Pathogenic and NonPathogenic Th17 cells and Molecular
Characteristics that Define Them

Another matter of intense debate has been whether or not TGF-B1 is really required
to induce the Th17 differentiation. Although in humans, Th17 differentiation was
achieved by IL-6 and IL-23 alone (Acosta-Rodriguez et al. 2007a; Wilson et al.
2007), blockade of TGF-B1 or lack of TGF-f signaling prevented the development
of Th17 cells from naive T cells (Li et al. 2007; Veldhoen et al. 2006a, b). In a
more recent study, murine naive T cells were differentiated into the Th17 lineage
using a cocktail of IL-6 and IL-23 plus IL-18 (Ghoreschi et al. 2010). In these studies,
however, endogenous TGF-f (most likely TGF-B3) produced by differentiating Th17
cells was not excluded. Th17 cells that were differentiated without exogenous TGF-
B1 had stable expression of ROR-yt and IL-17. However, in contrast to Th17 cells that
were induced by TGF-B1 plus IL-6, Th17 cells induced with IL-1p, IL-6 plus IL-23
without addition of exogenous TGF-f resulted in the coexpression of T-bet and these
cells were highly pathogenic in inducing EAE upon adoptive transfer into syngeneic
animals (Ghoreschi et al. 2010). Yet, another level of complexity was introduced
into how Th17 cells are generated in vivo, by the concept that the conditions for the
generation of these cells might be different (or distinct subsets of Th17 cells might
exist) depending on the site of initial priming of such cells. While gut-derived Th17
cells or antigen-specific Th17 cells that are generated in draining lymph nodes upon
subcutaneous immunization require IL-6 for their development, the priming of Th17
cells in the spleen occurs in the genetic absence of IL-6 but might require IL-23
(Hu et al. 2011). It remains to be determined whether these various Th17 cells of
distinct compartmental origin can be differentiated on the basis of the cytokines that
are required for their differentiation and whether they may attain different effector
functions.

The concept of distinct Th17 subsets that differ in their capacity to induce tissue
remodeling and repair on one hand and immunopathology on the other hand is
intriguing but remains vague as long as there are no markers or functional molecules
that define each of these subsets. Recent studies are beginning to shed some light on
the inductive events that are required for the generation of different T cell subsets and
on their molecular signatures. It is clear that Th17 cells induced by TGF-B1 plus IL-6
do not readily induce EAE upon adoptive transfer unless they have been exposed to
IL-23 for prolonged periods of time (Jager et al. 2009). Exposure to IL-23, in ad-
dition to suppressing the production of anti-inflammatory cytokines, has now been
shown to induce endogenous TGF-B3 in T cells (Lee et al. 2012). Differentiation of
T cells with TGF-B3 plus IL-6 induces highly pathogenic Th17 cells that can induce
EAE, without any need for exposure to IL-23. Analyzing these different Th17 subsets
induced by TGF-B1 plus IL-6 versus TGF-83 plus IL-6, we have defined a signa-
ture of 23 genes that distinguishes pathogenic Th17 cells from nonpathogenic Th17
cells (Lee et al. 2012) (see also Fig. 1.2). Whereas pathogenic Th17 cells coexpress
IL-17 together with the transcription factor T-bet and IL-23R, IL-22, and GM-CSF,
nonpathogenic Th17 cells express a regulatory module consisting of IL-10 together



6 V. K. Kuchroo and T. Korn

IL-23

‘\TG;_Q,% pathogenic

s\
B ®

IL-17
GM-CSF
IL-22
IFNy

IL-17
IL-10
IL-9

non-pathogenic

“regulatory”
“remodeling”

Fig. 1.2 Pathogenic versus nonpathogenic Th17 cells. It is an emerging concept that Th17 cells can
be categorized into subsets with distinct effector functions. On a molecular level, exposure to IL-23
confers pathogenic properties to Th17 cells. Notably, when Th17 cells are differentiated by TGF-B1
plus IL-6, they get induced to produce small amounts of TGF-B3. However, IL-23 maintains the
production of TGF-f3 in developing Th17 cells (/). TGF-B3 acts back on developing Th17 cells (2)
and, together with IL-6 or IL-1, promotes the development of pathogenic Th17 cells with a distinct
expression profile of effector molecules including IL-17, IL-22, GM-CSF, and also T-bet-driven
IFN-y (for details, see text). In contrast, while initiating the Th17 transcriptional program, TGF-B1
plus IL-6 (in the absence of IL-23) result in the induction of an inhibitory module in Th17 cells
including IL-10 and the transcription factors AhR and c-Maf

with IL-9, AhR, and c-Maf (Lee et al. 2012). Recent studies with human Th17 cells
further support the functional heterogeneity of Th17 cells similar to what has been
observed in rodents. One subset of human Th17 cells was shown to coproduce IL-17
and IFN-y and this subset was found to have specificity for Candida albicans anti-
gens. Another subset of human Th17 cells produced IL-17 and IL-10 and was reactive
against Staphylococcus aureus antigens suggesting that different Th17 subsets may
have evolved to clear different types of infections (Zielinski et al. 2012).

1.4 Longevity and Plasticity of Th17 Cells

Since their discovery, it has been a concern that Th17 cells—although necessary
for host defense in order to fight certain bacteria and fungi—might be short-lived
and not able to mount adequate memory responses. Th17 cells were observed to
enter less efficiently into the memory T cell pool than Th1 cells (Pepper et al. 2010).
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Yet, Th17 cells are necessary and sufficient for sustained autoimmune responses,
chronic inflammation, and antitumor responses. Thus, Th17 responses cannot be
short-lived. In an attempt to understand this conundrum, Muranski and colleagues
took a sequential profiling approach of transferred Th1 versus Th17 cells (Muranski
etal. 2011). Indeed, Th17 cells not only adopt Th1-like features (such as expression
of T-bet and production of IFN-y) in vivo, but also self-renew as IL-17 producers.
Therefore, Th17 cells appear to have various developmental stages that are meta-
stable and are subject to a certain degree of plasticity. Th17 cells—perhaps because
of their TGF-B-driven developmental history—are not terminally differentiated but
appear to have stem cell-like, i.e., self-renewing capacity, and can under specific
conditions proceed to terminal effector T cells with Thl-like properties. Using a
reporter-/fate-tracking system, complementary results have been reported in EAE
(Hirota et al. 2011). Historic IL-17 producers were different from classic Thl cells
in the CNS of EAE mice even though they lost IL-17 production and had turned into
IFN-y (and GM-CSF) producers. On the molecular level, T-bet—once expressed—
interacts with Runx-1 to downmodulate the expression of ROR-yt, which might
account for the loss of IL-17 production turning Th17 cells into “ex-Th17 cells”
(Lazarevic et al. 2011).

Although ex-Th17 cells expressed T-bet and IFN-y in response to IL-23, specific
molecules such as the transcription factor AhR are private to ex-Th17 cells (in rela-
tion to classical Th1 cells). Other molecules that belong to the Th17 transcriptional
program such as IL-23R, IL-1R, and CCR6 may also persist in reprogrammed Th17
cells. Thus, the homing behavior of reprogrammed Th17 cells and their response
to the innate cytokine milieu in the inflamed tissue as well as their mode of cell
death and way of regulation by Tregs might be fundamentally different from Th1
cells. Indeed, the contraction of T helper cell populations is an active process and
is regulated differentially depending on the compartment (lymphoid tissue versus
target tissue) and probably also depending on the effector T cell lineage. Although
it has long been known that Th1 cells are very susceptible to Fas-/FasL-induced cell
death (Zhang et al. 1997) and Th2 cells to GrzB-mediated apoptosis (Devadas et al.
2006), it remains to be determined whether there is a preferred mode of cell death
for Th17 cells. It appears that Th17 cells express high amounts of IL-10Ra and are
more susceptible to IL-10- mediated suppression than Th1 or Th2 cells (Huber et al.
2011). It is likely that IL-10, which might be provided by Foxp3™ Tregs at the site of
inflammation, signals directly into Th17 cells (Chaudhry et al. 2011). However, it is
not yet clear whether sensing of IL-10 leads to reprogramming of the inflammatory
properties of Th17 cells or triggers their physical attrition.

In general, T helper subsets (or even lineages) might be more plastic than antic-
ipated (Murphy et al. 1996). Upon initial commitment to a specific developmental
program, a T cell will become responsive to differentiating cytokines in the ambient
milieu. For example, it will be essential whether WSX1 or IL-6Ra will pair with the
constitutively expressed gp130 to form a functional IL-27 receptor or a functional
IL-6 receptor in this T cell (Stumhofer et al. 2006, 2007). Similarly, expression of IL-
23R that pairs with IL-12RB1 to form a functional IL-23R or expression of IL-12R32
that also associates with IL-12RB1 but builds a functional IL-12 receptor will dictate
terminal differentiation or plasticity of a T cell that has already been committed to a
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developmental program (Lee et al. 2009). Yet, it depends on the lineage commitment
how fundamental the fate decisions of a given T cell can be. For example, Th1 cells
are relatively stable and cannot easily be reprogrammed while Th2 cells might be
switched into a Th1 phenotype in a biased experimental system (Hegazy et al. 2010).
Adoptively transferred LCMV-specific Th2 cells can be reprogrammed to express
T-bet and produce IFN-y upon subsequent in vivo infection with LCMV resulting in
protective immunity and memory T cells that coexpress T-bet and Gata-3 (Hegazy
et al. 2010).

In summary, IL-17 is an early response cytokine thatis used as an effector molecule
by a series of cells of the innate immune system (Cua and Tato 2010). IL-17 has been
adopted by cells of the adaptive immune system and at the moment we are only
beginning to understand under which pathophysiologic conditions IL-17 produced
by adaptive immune cells plays a role. It has been hypothesized that adaptive immune
cell-derived IL-17 might be particularly important in host defense against certain
pathogens at epithelial surfaces. Best evidence for this concept comes from studies
on CD4* T cells in the gut where Th17 cells might evolve in response to specific
gut microbiota. It is clear that Th17 responses are not short-lived and Th17 memory
cells exist although their initial cytokine signature might be modified. There is now a
solid basis of evidence that these long-standing Th17 responses might lead to chronic
inflammation in the gut and to autoimmunity in the skin or even in the CNS (which
is formed by neuroectodermal tissue).

1.5 Th17 Cells and Gut Microbiota

A rediscovered line of research has brought back the attention to the gut microbiome
in promoting susceptibility to autoimmunity and chronic inflammation (Honda and
Littman 2012) because specific taxa in the gut microbiome can lead to the generation
of either proinflammatory Th1 and Th17 cells or Tregs in the gut lamina propria (LP),
respectively. Most importantly, mice that were housed germ-free (GF) lacked Th17
cells in the LP of the small intestine and reinstitution of a specific species of bacteria,
i.e., segmented filamentous bacteria (SFB), was necessary and sufficient to restore
the LP Th17 cell population in the small intestine of GF mice (Ivanov et al. 2009).
This observation has raised the possibility that SFB-induced serum amyloid protein
A in the terminal ileum, which in turn would activate dendritic cells to produce IL-6
and IL-23, and thus promote the development of Th17 cells that protected the mice
from Citrobacter rodentium infection (Ivanov et al. 2009). In contrast, clusters IV
and XIVa of the genus Clostridium—Dby increasing the amount of available TGF-
p—induced the generation of Tregs in the colon LP resulting in resistance to colitis
(Atarashi et al. 2011). Polysaccharide A derived from Bacteroides fragilis increased
the frequency of Foxp3™ Tregs in the mesenteric lymph nodes and enhanced their
production of IL-10 in a TLR-2-dependent manner (Round and Mazmanian 2010).
These studies suggested that specific proteins or carbohydrate moieties produced by
specific members of the gut microbiota promote the generation of proinflammatory
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T cells (Th1 or Th17 cells) or regulatory T cells (Foxp3™ Tregs) in the LP, which can
be recalled at peripheral sites during infection or inflammation.

It is likely that microbial ligands are sensed by gut-residing dendritic cells or
macrophages that translate this input into cytokine signals, which as a consequence,
skew T cells into specific functional phenotypes. In addition to bacterial products,
ambient homeostatic (or inflammatory) mediators might further condition LP con-
ventional DCs into specific subsets (Coombes and Powrie 2008). In the gut LP, Th17
cell-inducing DCs have been described as CD11¢*CD11bTCX3CR1%—a popula-
tion that also contains macrophages (CD68*CD11¢'°")—while Treg cell- inducing
DCs are CD11cMe"CD103* (Benson et al. 2007; Coombes et al. 2007; Niess and
Adler 2010). In GF mice, the LP is relatively depleted of CX3CR1" DCs, but not of
CD103" DCs. It is clear that CD103™ DCs can induce Foxp3 expression in conven-
tional T cells by increasing the availability of TGF-f (via avB8; Travis et al. 2007)
and retinoic acid (RA; Sun et al. 2007). Although CD103" DCs express retinal de-
hydrogenases (Aldhlal and Aldhla2), the rate-limiting enzymes for the production
of RA, other sources of RA (such as for example intestinal epithelial cells (IEC))
might also be relevant in the gut. In fact, IEC-derived RA is believed to license DCs
to adopt a Treg-inducing phenotype in the first place. However, the conditioning pro-
cess of LP DCs appears to be highly context-dependent because RA in the presence
of IL-15 fails to induce tolerogenic DCs, but promotes the production of IL-12p70
by DCs (DePaolo et al. 2011).

Various working hypotheses are being followed to gain insight into the molecular
and cellular underpinning of these gut-restricted processes for inflammatory diseases
at distal sites such as the joints or the CNS. First, bacterial products, for example, TLR
ligands, could induce IL-12 or IL-23 in gut-resident myeloid cells. Spill over of these
cytokines would make them available to the systemic compartment. Subsequently,
those “distal” tissues that have resident populations of IL-23 receptor-positive cells—
as has been shown for the enthesis—would respond to IL.-23 by creating a milieu that
promotes T cell-driven inflammation. An interesting animal model of inflammatory
spondyloarthropathy has been generated based on this idea (Sherlock et al. 2012).
Second, specific bacterial products—most likely by activating gut-resident dendritic
cells or macrophage populations—would induce either Th17 cells or Tregs in the
gut LP that are specific for bacterial antigens. Distal effects of these pathogen (or
commensal)-specific LP T cells in peripheral tissues could be due to cross-reactivity
with self-antigens. Yet, an alternative scenario has been observed recently (Wu et al.
2010). K/BxN mice develop spontaneous arthritis under regular housing conditions.
Arthritis is significantly attenuated under GF conditions, but can be reinstalled upon
repopulation of the gut with SFB that restore the LP Th17 compartment. Since
arthritis in K/BxN mice is driven by T cell-dependent autoantibodies to glucose-6-
phosphate isomerase, distal effects of T cells must be operative. As compared with
GF housed mice, regular housed mice have increased frequencies of Th17 cells not
only in the LP, but also in the spleen. In this case, splenic Th17 cells are probably
gut-derived because they express the gut-homing receptor a4p7. However, their
specificity is unclear. Yet, by production of IL-17 that acts directly on B cells, splenic
Th17 cells promote the formation of germinal centers resulting in high autoantibody
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titers and overt clinical disease (Wu et al. 2010). Finally, gut flora-induced, T cell-
mediated distal effects might emerge when recirculating self-reactive Th17 cells are
directly primed in the intestinal compartment in the first place. Homing of these cells
to their target tissues—perhaps preceded by reactivation in draining lymph nodes—
might then result in autoimmune pathology (Berer et al. 2011; Krishnamoorthy et al.
2009; Lee et al. 2011b).

1.6 Thl17 Cells in EAE

The EAE model has been instrumental in the initial discovery and “validation” of
Th17 cells (Langrish et al. 2005). EAE is a model for human MS, but has been
extensively exploited in order to investigate T cell-driven pathological events in
organ-specific autoimmune diseases (Korn et al. 2010). Similar to other models
of organ-specific autoimmunity, EAE was considered as an autoimmune disease
induced by Thl cells. Scientific evidence for this concept came from the fact that
EAE can be induced by highly pure in vitro-generated autoreactive T cells that
produce IFN-y (Lafaille et al. 1997). This notion was endorsed by the finding that
IFN-y was found in active EAE lesions and also in MS biopsy material and indeed,
when administered as a recombinant drug to MS patients, IFN-y exacerbated the
disease (Panitch et al. 1987; Traugott and Lebon 1988). However, when EAE was
induced in IFN-y KO mice, the KO animals were not resistant to EAE, but instead
developed exacerbated disease (Chu et al. 2000; Ferber et al. 1996). Similar findings
were obtained with other members of the IFN-y pathway including IFN-yR KO,
TNF KO, Statl KO, and IL-12p35 KO mice (Becher et al. 2002; Bettelli et al. 2004;
Liu et al. 1998; Willenborg et al. 1996). The conclusion from these genetic models
was that EAE can be induced in the absence of bona fide Thl cells suggesting that
this T cell subset might not be sufficient or necessary for the induction of CNS
autoimmunity. On the other hand, IL-23p19 mice are completely resistant to EAE
(Cua et al. 2003). Since IL.-23 is required to stabilize Th17 cells (see above), Th17
cells (instead of Th1 cells) were implicated as the major pathogenic T cell subset in
inducing CNS autoimmunity. However, as problematic as was the dismissal of Th1
cells in EAE pathogenesis, equally premature was it to blame the entire pathogenic
cascade in EAE on Th17 cells. Indeed, T-bet KO mice are clearly resistant to EAE
(Bettelli et al. 2004) and although T-bet is also expressed in non-T cells, its intrinsic
role for the development of Thl cells is well established. Thus, IL-6, IL-23, ROR-
vt, and T-bet appear to be essential for the generation of pathogenic T cells and
development of EAE (Bettelli et al. 2004; Cua et al. 2003; Ivanov et al. 2006;
Samoilova et al. 1998). How can these observations be integrated into a common
concept of pathogenic effector T helper cells?

As far as IL-6 is concerned, the best-studied T cell-intrinsic effect of this cytokine
is its potency to suppress the expression of Foxp3 and thus to prevent the induction
of peripheral Foxp3 Tregs (Bettelli et al. 2006; Korn et al. 2007). This must be a
T cell-intrinsic effect since T cell conditional gp130 KO mice have exaggerated
frequencies of antigen-specific Tregs upon immunization with MOG in CFA (Korn
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etal. 2008). At the same time, the frequency of antigen-specific Th17 cells is grossly
reduced, which is in line with the in vitro finding that IL-6 plays a pivotal role in
regulating the balance between Tregs and Th17 cells (Bettelli et al. 2006).

The role of IL-23 for the generation of encephalitogenic T cells appears to be more
complicated. IL-23p19 mice are resistant to EAE (Cua et al. 2003). Th17 cells can be
induced in the draining lymph nodes of IL-23- and IL-23R-deficient mice, which is
consistent with the idea that IL-23 is not necessary to prime naive T cells into the Th17
lineage. However, Th17 cells are not maintained in the spleens of IL-23R-deficient
mice (Awasthi et al. 2009; McGeachy et al. 2009). From these results and due to in
vitro experiments where IL-23 stabilizes the expression of IL-17 (Jager et al. 2009;
Veldhoen et al. 2006a), it has been suggested that IL-23p19 KO mice are resistant to
EAE because they cannot produce a productive Th17 response. However, whether
IL-23 “just” stabilizes IL-17 in vivo remains to be determined. Various investigators
have proposed T cell-intrinsic effects of IL-23 other than stabilization of the IL-17
locus, including suppression of IL-10, induction of IL-7R, induction of T-bet, and
even induction of IFN-y in precommitted Th17 cells (Hirota et al. 2011; McGeachy
et al. 2007, 2009). Work from Casey Weaver’s laboratory suggested that Th17 cells
start producing IFN-y when restimulated in the presence of IL-23 and in the absence
of TGF-p (Lee et al. 2009). Consistent with this idea, we have detected T-bet as one
of the key molecules in the signature of pathogenic Th17 cells. Loss of T-bet but
not IFN-vy, largely decreases the ability of Th17 cells to induce EAE. Conversely,
exposure of T-bet-deficient autoreactive T cells to TGF-B3 induces these cells to
become highly encephalitogenic (see above; Lee et al. 2012). Therefore, TGF-f3
can replace T-bet deficiency in inducing pathogenic Th17 cells.

Although it appears that at a great proportion IL-17-producing CD4™ T helper
cells in the target organ are double producers (IL-17 and IFN-y) or completely turn
to the production of IFN-y, IL-17 itself is still an important effector molecule in
promoting tissue inflammation. The receptor for IL-17 (IL-17A) is a heterodimer
consisting of IL-17RA and IL-17RC and is expressed on hematopoietic and non-
hematopoietic cells including astrocytes (Iwakura et al. 2011) and it is likely that
activation of astrocytes by IL-17 is important for early events in neuroinflammation
(Kang et al. 2010).

The possibility that different types of T helper effector cells, namely Thl and
Th17 cells are involved in promoting immunopathology in EAE raises the question
whether there is a spatial or qualitative difference in the immune reaction that is in-
duced by these types of effector T cells. Several experimental approaches were used
to investigate this question. In independent experimental settings, Th1-mediated im-
munopathology seemed more prevalent in the spinal cord. In contrast, Th17 cells
contribute to inducing immunopathology in the brain stem and cerebellum (Stromnes
et al. 2008). Since it is not possible (under wild-type conditions) to distinguish
between a “classical” Thl cell and an IFN-y-producing “Th17” cell, a series of
knock-out or conditional knock-out settings were used to confirm whether or not Th1
versus Th17 cells would induce different types of inflammation in the CNS. First,
IFN-yR KO recipients of encephalitogenic wild-type T cells develop prominent brain
stem inflammation, suggesting that the inability to sense IFN-y is a susceptibility
factor for supraspinal parts of the CNS, but not the spinal cord (Lees et al. 2008;
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Fig. 1.3 Compartmentalized inflammation in the CNS. CNS entry routes and plasticity of T helper
cells across different compartments. Simplified scheme representing the differential pathways of
effector T cells as correlated with their functional phenotype. Naive T cells are primed in peripheral
organs (e.g. lymph nodes, spleen) and thereby driven into functional effector subsets via master
transcription factors according to the encompassed inflammatory milieu. In CNS-directed autoim-
munity, Thl (purple) and Th17 cells (orange) were recognized as the major infiltrating subsets,
albeit differential entry routes as well as properties of lineage plasticity are under debate. Entry
from the periphery (left panel) into the CNS parenchyma (right panel) might be facilitated indi-
rectly via the CSF (central panel) and directly via the CNS vasculature. Distinct effector T helper
cell subsets might use different entry routes and might thus be targeted to topologically distinct
parts of the CNS, e.g., brain versus spinal cord. Concomitantly, the entry might be linked to cellular
plasticity of the subsets in situ. “Pathogenic” Th17 cells (red) were reported to also express T-bet
and produce IFN-y when recruited to the CNS parenchyma (for details, see text)

Wensky et al. 2005). Second, distinct autoantigenic epitopes might be presented
in different parts of the CNS leading to specific and qualitatively (i.e., IFN-y ver-
sus IL-17 promoting) distinct T cell reactions (Stromnes et al. 2008). Third, since
the integrin expression on Thl versus Th17 cells is different, these effector T cell
subsets might be guided to distinct parts of the CNS. For example, Th17 cells are
able to enter supraspinal parts of the CNS but not the spinal cord in an a4 integrin-
independent manner, while Th1 cells are essentially dependent on the expression of
a4 to invade into the spinal cord (Rothhammer et al. 2011). In another report (Re-
boldi et al. 2009), CCR6, which is preferentially but not exclusively expressed on
Th17 cells, was shown to guide Th17 cells (but not Thl cells) to the plexus epithe-
lium via CCL20, which is highly expressed by epithelial cells of the choroid plexus
and astrocytes (Meares et al. 2012). Thus, Th17 cells may be exquisitely suited to
cross the blood/CSF barrier and enter into the subarachnoid space, which is highly
relevant for immune surveillance on one hand, but may also be the compartment
where autoimmune reactions build up that later target the CNS parenchyma (Brown
and Sawchenko 2007); (Fig. 1.3). Th1 cells and Th17 cells may not only have differ-
ent ports of entry into the CNS and produce different types of pathology within the
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CNS, but may also be different in their potency to promote B cell responses within
the target tissue (Mitsdoerffer et al. 2010) and the formation of ectopic lymphoid
follicles (Peters et al. 2011). Th17 cells—by virtue of expressing IL-17 and a unique
cell surface molecule called podoplanin—have the propensity to promote the for-
mation of ectopic lymphoid structures in the meningeal space (Peters et al. 2011).
Lymphoid follicles have also been identified in certain MS patients (perhaps with
more aggressive disease courses; Howell et al. 2011; Magliozzi et al. 2007; 2010;
Serafini et al. 2004). However, it remains to be determined whether the formation
of lymphoid follicle-like structures is associated with enhanced Th17 responses in
humans as well.

1.7 Th17 Cells in MS

Th17 cells have been identified in human MS tissue (Montes et al. 2009). Early reports
suggested that IL-17 transcripts might be overrepresented in chronic MS lesions
(Lock et al. 2002). Later, it was found that IL-17-expressing immune cells, CD4" T
cells and CD8™ T cells, were located within the inflammatory infiltrate of MS lesions
(Tzartos et al. 2008). IL-17 mRNA-containing mononuclear cells were increased in
blood and CSF of MS patients (Matusevicius et al. 1999) and IL-17-producing CD4*
T cells were overrepresented in the peripheral blood mononuclear cells (PBMCs) of
MS patients by epigenetic profiling (Janson et al. 2011). Upon treatment of MS
patients with fingolimod, central memory (i.e., CCR7TCD45RA™) IL-17-producing
T helper cells were preferentially reduced (Mehling et al. 2010). Since fingolimod,
which is a functional antagonist of the S1P1 receptor, is an approved drug in MS
(Kappos et al. 2010), it has—by analogy—been suggested that Th17-type T cells
contribute in promoting inflammation in human MS. Only recently it was shown that
Th17 clones prevail in the CSF of active MS patients (Brucklacher-Waldert et al.
2009). It might be due to their production of IL-17 and IL-22 that human Th17
cells have the capacity to cross the blood CSF barrier (Kebir et al. 2007). When
human Th17 cells subsequently infiltrate into the CNS parenchyma, they coexpress
T-bet and IFN-y representing a phenotype quite similar to what has been reported
for pathogenic Th17 cells in mice (Kebir et al. 2009; see above).

In humans, a similar molecular machinery as in mice is operational for the de-
velopment of Th17 cells (Manel et al. 2008; Paulos et al. 2010; Yang et al. 2008a).
A series of surface markers have been identified for human Th17 cells. First, the
capacity of CD4* T helper cells to produce IL-17 is associated with the coexpres-
sion of CCR6 and CCR4 (Acosta-Rodriguez et al. 2007b). Within inflamed tissues
(particularly in chronic inflammatory bowel disease, but also in joints of rheumatoid
arthritis patients), IL-17-producing T helper cells (as well as CD8" T cells) are en-
tirely comprised within the CD26™ and CD161% compartment and similar to CCR6,
CD161 has been hypothesized to be a homing molecule for inflamed tissues (Cosmi
et al. 2008). Based on these observations, it is likely that the significance of Th17
cells is equally well explained by their specific effector functions as by their pre-
ferred recruitment to distinct anatomical or functional niches during inflammatory
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reactions. Th17 cells exhibit very distinct homing properties to epithelial (and per-
haps neuroectodermal) tissues. The idea of a niche-specific operational mode of the
adaptive immune response is an emerging concept and here, Th17 cells might serve
as an example. In the CNS, an increasing number of reports suggests that Th17 cells
induce a different lesion topography as opposed to Th1 cells (Kroenke et al. 2008;
Reboldi et al. 2009; Rothhammer et al. 2011; Stromnes et al. 2008). Even more,
in neuromyelitis optica where the immune response is particularly pronounced at
the CSF/glia limitans interface, a Th17 type of response might be pathogenetically
relevant because granulocytes are found and IL-6 and IL-17 are elevated in the CSF
of these patients as compared with individuals with MS (Chihara et al. 2011; Ishizu
et al. 2005; Uzawa et al. 2009). This idea does not refute the assumption that in
NMO, anti-AQP4 antibodies contribute to the pathology (Bennett et al. 2009; Bradl
et al. 2009), but rather highlights the concept that in order for these NMO-IgG an-
tibodies to unfold their effector functions at the glia limitans of the spinal cord and
the optic nerve, a niche-specific—and perhaps Th17-dominated—immune response
is required (Carlson et al. 2008; Kivisakk et al. 2009).

In summary, human Th17 cells are probably directly involved in the generation of
MS lesions. Similar to what has been observed in murine EAE—human Th17 cells
are most likely plastic and coproduce IFN-vy, but have very distinct properties from
classic Th1 cells.

1.8 Therapeutic Interventions Targeting Th17 cells

Recent studies on Th1- or Th17-dependent immunopathology in MS and EAE sug-
gest that our knowledge on T cell biology may not only form the basis for the
development of new therapeutic interventions in CNS-specific autoimmunity (see
below), but may also help us to better stratify patients for already established MS
therapeutics. For example, when comparing Th1 versus Th17 cell-induced adoptive
transfer EAE, it had been suggested that the Th1-driven disease process was respon-
sive to IFN-B treatment, while IFN-f was inefficient or even worsened the clinical
disease in Th17-induced EAE (Axtell et al. 2010). Although IFN-B suppressed the
generation of Th17 cells from PBMCs in vitro (perhaps through induction of IL-27;
Durelli et al. 2009), it still exacerbated Th17-induced EAE because under conditions
of a Th17-driven disease process, IFN- failed to induce IL-10 in T cells—a process,
which is mainly dependent on IFN-y signaling into APCs. In this in vivo model,
IFN-B and IFN-y most likely cooperated to induce IL-27 in APCs, which in turn
induced IL-10 and suppressed IL-17 in T cells (Axtell et al. 2010). This regulatory
loop appeared to fail in the absence of sufficient IFN-y signaling. Indeed, clinical
experience with a subset of human MS patients and patients with neuromyelitis op-
tica where the inflammatory process—at least phenomenologically—is driven by
neuroantigen-specific Th17 responses supports the idea that IFN-f is inappropriate
in this scenario and may even worsen the disease (Kim et al. 2012; Palace et al.
2010). This appears to be also true for a specific subset of MS patients. Yet, there
is an ongoing debate whether the measurement of IL-17F in the serum of MS pa-
tients before treatment could serve as a biomarker to decide whether or not IFN-$
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therapy would be efficient. Low serum levels of IL-7 and high levels of IL-17F were
proposed to identify potential nonresponders to IFN- treatment (Lee et al. 201 1a).
However, this finding was not reproduced in a much larger and well-defined cohort
of patients from the dose-response trial of IFN-B1a (Avonex; Bushnell et al. 2012).
Since Th17 cells produce a panel of cytokines and also induce a number of effector
molecules from the target tissue, it might not be advisable to segment patients on
the basis of single cytokines in the serum, which may not reliably reflect the disease
process emerging in the CNS.

As aresult of the growing understanding of the development and effector functions
of Th17 cells, more specific agents that target the IL-23/IL-17 axis are being devel-
oped for MS. For example, a phase II study to assess the efficacy of a monoclonal
neutralizing antibody to IL-17A (AIN457, secukinumab) on the reduction of MRI
activity in relapsing remitting MS has just been completed and will now be followed
by alarger phase II trial. Anti-IL-17 treatment—either with a monoclonal antibody to
IL-17A (ixekizumab) or a monoclonal antibody to IL-17RA (brodalumab)—proved
extremely efficient in psoriasis (Leonardi et al. 2012; Papp et al. 2012) without giving
any safety concerns. Notably, while IL-17 is a very prominent effector molecule in
skin inflammation that is not only produced by Th17 cells, but also by dermal-derived
vd T cells and innate immune cells (Korn and Petermann 2012; Pantelyushin et al.
2012), the network of effector cytokines in MS (and EAE) is likely to be more compli-
cated, especially since Th17 cells acquire the ability to produce other cytokines once
they infiltrate the CNS. In particular, the plasticity of Th17 cells—once recruited to
the CNS—is a factor that should be taken into consideration. Yet, based on the data
from mouse models and known effector functions of IL-17A, it is anticipated that
anti-IL-17 therapy will also be efficacious in MS. It has been quite disappointing,
though, that treatment of MS patients with a monoclonal antibody to the p40 subunit,
which is common to both IL-12 and IL-23, failed to halt the inflammatory process
as measured by gadolinium enhancement in the brain (Segal et al. 2008). However,
anti-p40—by virtue of suppressing both Thl and Th17 cells—might not be equiva-
lent to suppressing just Th17 cells. The fact that IL-12 has the capacity to promote
the production of anti-inflammatory IL-10 in T cells under certain circumstances
(Jankovic et al. 2007) raises the possibility that IL-12 (in contrast to IL-23, which
suppresses the induction of IL-10) might acquire immunomodulatory functions in
the course of an inflammatory reaction.

1.9 Concluding Remarks

The investigation of T cell development and T cell fate decisions in vivo will be a
highly urgent project in the coming years in order to understand the immunopathology
of chronic inflammation and autoimmunity. Here, model diseases such as EAE can be
very insightful when the appropriate questions are being asked. Indeed, unexpected
findings in the EAE model kept spurring progress in our understanding of T helper
cell biology and development of CNS autoimmune disease. Although it is unlikely
that a sole pathogenic effector cytokine is entirely responsible for inducing EAE (or
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MS), it might well be possible to identify “pathogenic effector programs” within
T helper cells that may be driven by transcription factors such as Stat3, Ror-yt, or
T-bet. Furthermore, it is an inappropriate oversimplification to exclusively allot the
expression of these transcription factors to just one T cell subset. For example, Th17
cells are able to express the Th1 transcription factor T-bet upon sensing particular
cytokine cues in the target organ and only then take on highly proinflammatory
effector functions (Hegazy et al. 2010; Hirota et al. 2011).

The development of proinflammatory effector T cell responses has several check-
points. Early during the response—perhaps during T cell priming in secondary
lymphoid tissue or in the gut—the availability of IL-6 might dictate whether a
pathogenic or a regulatory adaptive T cell response is triggered (Bettelli et al. 2006;
Korn et al. 2007). In contrast, a late checkpoint might be the decision whether a
proinflammatory response will be transient or sustained. Here, the responsiveness
of T cells to IL-23 whose receptor is not expressed on naive T cells but on effector
T cells that are committed to the Th17 lineage, will determine the acquisition of
sustained proinflammatory effector functions. The response to IL-23 may no longer
be exclusively associated with the expression of a pure “Th17” gene program, but
may also include the induction of IFN-y and GM-CSF in Th17 cells. Interestingly,
classically committed Th1 cells that keep sensing IL-12 together with sustained TCR
stimulation switch on downmodulatory programs and start producing IL-10, which
limits their ability to induce inflammation (Berghmans et al. 2006; Chang et al. 2007,
Gabrysova et al. 2009; Jankovic et al. 2007; Kemp et al. 2010).

It will be important to understand the molecular mechanism of these late
checkpoints in order to identify molecules that can be therapeutically targeted in
autoimmune diseases such as MS where the initial steps of T cell commitment have
already occurred when the diagnosis is made. At the present state of knowledge,
we anticipate that the disease process in MS is dependent on Th17 cells and will be
partly dependent on the cytokine IL-17 itself. Yet, when developing compounds for
clinical use, it is crucial to consider that targeting effector Th17 cells in general is
not going to be equivalent to targeting one solitary effector cytokine of Th17 cells.
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Chapter 2
Regulatory T Cells in MS

Barbara B. Gawlik and David A. Hafler

2.1 Introduction

Multiple sclerosis (MS) is a multifocal demyelinating disease of the central nervous
system (CNS), caused by an autoimmune response to self-antigens in a genetically
susceptible individual. It is characterized by progressive neurodegeneration and by
CNS lesions containing a high number of infiltrating autoreactive B and T cells.
In healthy individuals, regulatory T (Treg) cells can control potentially pathogenic
autoreactive T cells, while Treg cells in MS patients show insufficient regulatory
abilities. The fact that autoreactive T cells can be found in the peripheral blood of
healthy individuals without causing any autoimmune diseases underlies the impor-
tance of an efficient control of immune responses. Treg cells are key regulators of
immune homeostasis and self-tolerance.

Treg cells have been defined as CD4TCD25%FoxP3™ Tcells that are capable of
modulating the immune function of various effector cells. Other T cells have been
described to also possess regulatory activity such as IL-10- secreting type 1 regula-
tory (Tr 1) cells and transforming growth factor § (TGFp)-secreting T helper 3 (Ty3)
cells (Roncarolo et al. 2001; Weiner 2001). The population of CD4TCD25"FoxP3*
Treg cells comprises two subpopulations: naturally occurring and induced Treg cells
(Curotto de Lafaille and Lafaille 2009). Naturally occurring Treg cells differ from
induced Treg cells in being a distinct Treg cell subpopulation specialized for sup-
pressive function that has been determined during its development in the thymus.
Studies investigating immunological dysfunctions in autoimmune diseases need to
consider the complex composition of the human Treg cell repertoire.
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2.2 Treg Cells

2.2.1 Cell Surface Characterization and Plasticity of Treg Cells

Treg cells were initially defined as CD4TCD25™" cells in mice. Human Treg cells have
been described as a population of CD4*CD25"e" T cells in the peripheral blood and
the thymus (Taams et al. 2002; Baecher-Allan et al. 2001; Dieckmann et al. 2001;
Jonuleit et al. 2001; Levings et al. 2001; Ng et al. 2001; Sakaguchi et al. 1995).
The characterization of human CD4" Treg cells is complex as the human Treg cell
population is heterogeneous (Miyara et al. 2009; Ito et al. 2008). Only 1-2 % of the
total CD4™T cell population in the human peripheral blood consist of CD25Meh T
cells (Baecher-Allan et al. 2001). Moreover, the isolation of Treg cells with high
CD25 expression would lead to the exclusion of the naive, CD4+FoxP3°*CD25™d
Treg cell population.

2.2.1.1 Forkhead Box P3 (FoxP3) Is Essential for Inmune Homeostasis

The transcription factor FoxP3 has been established as a specific marker for mouse
Treg cells and as a cell surface marker for human Treg cells (Fontenot et al. 2003;
Hori et al. 2003; Roncador et al. 2001). The importance of FoxP3 for immune home-
ostasis can be illustrated by the observation that scurfy mice, X-chromosome-linked
mouse mutants, show a defect in the FoxP3 gene and a lack of scurfin, the protein
that is encoded by FoxP3. This defective gene function results in a lethal disorder in
mice similar to the Wiskott—Aldrich syndrome, involving scaly skin, gastrointesti-
nal bleeding, hepatosplenomegaly, and severe anemia. The disorder is mediated by
CD47tCD8™ T cells whose activity has been shown to be improperly regulated in
scurfy mice (Brunkow et al. 2001; Kanangat et al. 1996; Lyon et al. 1990; Blair et al.
1994). Moreover, mutations in human FoxP3 have been identified to cause the rare,
fatal immunodysregulation, polyendocrinopathy, enteropathy, X-linked syndrome
(IPEX). Affected patients show, among other symptoms, a neonatal onset of type 1
diabetes mellitus, immune dysregulation, anemia, eczema, thrombocytopenia, and
hypothyroidism (Bennett et al. 2001; Wildin et al. 2001, 2002).

2.2.1.2 Cell Surface Characterization of Treg Cells

In the search for an additional marker for Treg cells, it has been observed by several
groups that CD4+FoxP3™ T cells with high suppressive ability downregulate CD127
(IL-7Ra) on the cell surface (Liu et al. 2006; Seddiki et al. 2006a). High CD25 and
low CD127 expression can therefore be used to isolate human Treg cells from the
peripheral blood. However, it has also been described that nonregulatory CD41 T
cells downregulate the expression of CD127 after they have been activated, indicat-
ing that low expression of CD127 combined with the expression of CD25 cannot be
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used to sufficiently distinguish between activated CD4" T cells and Treg cells (Maz-
zucchelli and Durum 2007). Moreover, the fact that nonregulatory CD4TCD25*
T cells expressing low levels of FoxP3 and CD127 exist, impairs the significance
of a staining with CD25 and CD127 in order to isolate Treg cells (Miyara et al.
2009). These nonregulatory Treg cells produce proinflammatory cytokines such as
IL-2 and interferon-y (IFN-y), but do not show suppressive ability in vitro. Thus,
the methylation status of the FoxP3 gene can be linked to the difference between
regulatory and nonregulatory FoxP3™ T cells, with FoxP3* Treg cells being com-
pletely and nonregulatory FoxP3TCD4* T cells being incompletely demethylated
(Miyara et al. 2009). Even though CD62L (L-Selectin) is not exclusively expressed
on Treg cells, it is considered an effective marker to discriminate Treg cells (CD62L")
from activated CD4* T cells (CD62L'°%) utilizing the fact that CD62L expression
is downregulated after activation (Hamann et al. 2000). Reflecting their suppres-
sive role, CD25%FoxP3™ Treg cells also express cytotoxic T lymphocyte antigen
4 (CTLA4 and glucocorticoid-induced TNF-receptor-related protein (GITR)). The
expression of these molecules correlates with the expression of FoxP3. Nevertheless,
these markers are not solely expressed on Treg cells (Levings et al. 2001; Fontenot
et al. 2003; Hori et al. 2003; Khattri et al. 2003).

2.2.1.3 Treg Cell Plasticity

The human Treg cell population is characterized by a significant heterogeneity that
needs to be taken into account when performing and analyzing suppression assays.
In addition to the markers noted above, the expression of CD45RA or CD45RO
identifies functionally different Treg cell phenotypes, “naive” and “effector” Treg
cells (Miyara et al. 2009; Seddiki et al. 2006b; Valmori et al. 2005; Fritzsching et al.
2006). CD45RA*CD45RO~FoxP3'°%-naive Treg cells express CD31 (PECAM1), a
surface marker for cells that have emigrated from the thymus recently, but only low
levels of FoxP3 (Miyara et al. 2009; Valmori et al. 2005; Fritzsching et al. 2006;
Kimmig et al. 2002). Reflecting the finding that naive Treg cells are more common
in the human cord blood, their proportion among the CD4" T cells in the human
peripheral blood declines with age. In contrast to this, the proportion of effector Treg
cells increases, with effector Treg cells being more prevalent in adults and elderly
people (Miyara et al. 2009). After TCR stimulation, Treg cells with a naive phenotype
proliferate, upregulate their FoxP3 expression, and convert to CD45RO* FoxP3high
effector Treg cells (Miyara et al. 2009). These effector T cells exhibit a strong
suppressive activity, but are also highly susceptible to apoptosis after activation and
during suppression (Jonuleit et al. 2001; Vukmanovic-Stejic et al. 2006).

The population of CD4*CD25"FoxP3™ Treg cells can be subdivided into two
subpopulations: natural, thymus-derived Treg cells and adaptive Treg cells, con-
ventional CD4™ T cells that have been induced in the periphery (Sakaguchi et al.
2010; Kretschmer et al. 2005; Apostolou and Boehme 2004; Curotto de Lafaille
et al. 2004). It has been shown that CD4* T cells require TCR stimulation as
well as the presence of TGF-beta and IL-2 to convert to CD251 FoxP3™ Treg cells
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(Chen et al. 2003; Zheng et al. 2007). In a recent publication, Helios, a member of the
Ikaros transcription factor family, has been described as a potential new marker for
thymus-derived Treg cells. After Helios has been shown to be expressed in FoxP3+
Treg cells in microarray analyses (Sugimoto et al. 2006), Thornton et al. (2010) have
observed that Helios is expressed early in the thymic development. Concurrent with
the appearance of FoxP3 on the mRNA level, the expression of Helios is significantly
increased in thymic CD4TCD25% cells. FoxP3* Treg cells that were induced in the
periphery did not express Helios. Even though Helios does not seem to be involved
in the regulation of either FoxP3 expression or Treg cell function, it may be regarded
as an important Treg cell marker that allows distinguishing between induced and
thymus-derived Treg cells (Thornton et al. 2010).

Moreover, distinct, terminally differentiated subpopulations of Treg cells can be
identified based on the level of major histocompatibility complex (MHC) class 11
determinants (DR) expression. MHC-DR™ Treg cells express high levels of FoxP3,
and account for approximately 20-30 % of human Treg cells and approximately one-
third of the circulating MHC II*CD4 " cells. These MHC-DR™ Treg cells exhibit a
FoxP3-associated early contact-dependent suppression and cytokine production, but
do not secrete IL-10. In contrast, MHC-DR™ Treg cells execute their suppressive
activity through a late FoxP3-associated cell contact-mediated mechanism as well
as IL-10 secretion (Baecher-Allan et al. 2006).

2.2.2 Suppressive Activity

2.2.2.1 Mechanisms of Treg Cell Suppression

Although Treg cells have been shown to play a crucial role in the immune system
by controlling immune responses, no single mechanism of suppression used by Treg
cells has emerged, suggesting that Tregs are endowed with a number of pathways
each contributing to the regulatory functionality of this population of T cells. One
possible mechanism of action is cytokine secretion. In vivo, Treg cells secrete the
suppressive cytokines TGF-B and IL-10 (Powrie et al. 1996; Asseman et al. 1999).
TGF-B has been shown to be essential for Treg cell-mediated suppression of effector
CD4™ T cells in a murine model for colitis (Fahlen et al. 2005). In this model,
Treg cells were not able to control CD4™ T cells that were not sensitive to TGF- .
However, Kullberg et al. (2005) have shown that TGF-f production by Treg cells
is not essential for in vivo Treg suppression. Other murine models of autoimmune
inflammation have shown that IL-10 production contributes to Treg cell-mediated
immune suppression (Asseman et al. 1999; Annacker et al. 2001). In vitro, both,
TGF-f and IL-10, are not required for suppression (Shevach 2009).

Other models of Treg suppression require cell-cell contact as one possible mech-
anism of suppression used by Treg cells. Nakamura et al. (2001) have shown that
membrane-bound TGF-f contributes to cell-cell contact-mediated suppression. Fur-
thermore, the cell surface molecules Fas, Granzyme B, LAG3, and CTLA-4 have
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been implicated in suppression (Huang et al. 2004; Janssens et al. 2003; Cao
et al. 2007; Read et al. 2000). Despite various reports suggesting that cell surface
molecules contribute to Treg-mediated suppression, the role of cell-cell contact may
vary depending upon the particular Treg subpopulation and the organ system where
the function is being observed.

In vitro, Treg cells can deprive other T cells of IL-2, suggesting that competition
for growth factors might contribute to the suppressive capacity of Treg cells (de la
Rosa et al. 2004, Barthlott et al. 2005). However, the suppressive function of Treg
cells cannot be entirely explained by IL-2 deprivation of effector T cells, as IL.-2
receptor-deficient Treg cells are fully able to suppress T cell proliferation in vitro
(Fontenot et al. 2005). Furthermore, Treg cells can suppress IL-2 receptor-deficient
effector T cells (Fontenot et al. 2005). As no unique mechanism has been identified
to be required for suppression, it is very likely that different mechanisms contribute
to the suppressive ability of Treg cells.

2.2.2.2 Immune Functions Regulated by Treg Cells

Besides modulating the function of CD4" T cells, Treg cells also regulate a broad
variety of immune cells such as CD4" and CD8™" T cells, B cells, natural killer (NK)
cells, natural killer T (NKT) cells, and antigen-presenting cells (APCs), through the
suppression of activation, proliferation, and cytokine production (Zhao et al. 2006;
Azuma et al. 2003; Ralainirina et al. 2007; Taams et al. 2005; Misra et al. 2004).
As a basic prerequisite in order to execute their full suppressive potential, Treg cells
must be activated through their T cell receptor (TCR; Baecher-Allan et al. 2001;
Dieckman et al. 2001; Jonuleit et al. 2001). Interestingly, after being activated, they
do not need to be viable in coculture to be capable to suppress the cell function of
responder cells. In addition, the strength of T cell stimulation strongly influences
whether suppression or proliferation occurs. It has been shown that effector T cells
that have been activated in the presence of strong costimulatory signals seem to
be refractory to Treg cell-induced suppression (Baecher-Allan et al. 2001, 2002).
Moreover, the resistance of effector T cells to regulation through Treg cells-mediated
mechanisms increases when the strength of TCR signals received by the effector T
cells is increased (Baecher-Allan et al. 2001).

Moreover, various groups have described the occurrence of human Treg cells
that secrete the proinflammatory cytokine IL-17 (Koenen et al. 2008; Beriou et al.
2009; Ayyoub et al. 2009). These cells have been shown to express RORy t,
a specific transcription factor for Ty 17 cells (Koenen et al. 2008, Ayyoub et al.
2009). Beriou et al. (2009) have identified a subset of Treg cells within a
CD4*CD45RA~CD25"e"CCRC6THLA-DR~FoxP3* population that is capable of
producing IL-17. The presence of IL-1beta and IL-6 during activation of the cells
was required for the production of IL-17. Interestingly, IL-171/FoxP3™" clones from
this subpopulation were able to alternately suppress Treg cells or secrete high levels
of IL-17, depending on the stimuli.
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Fig. 2.1 Role of FoxP3* Treg cells in immune regulation. a In healthy individuals, Treg cells
modulate the immune function through the suppression of activation, proliferation and cytokine
production, thereby interacting with various cell types. b In patients with MS, the immunoregulatory
function of Treg cells is impaired. The frequency of IFN-y producing Ty 1-like cells is increased
(Nylander and Hafler 2012)

b

In recent publications, Eos, a zinc-finger transcription factor of the Ikaros family,
has been identified as an important element of FoxP3-mediated suppressive activity
of Treg cells. Pan et al. (2009) have demonstrated that Eos induces gene silencing
in Treg cells by directly interacting with FoxP3. Eos has been shown to coimmuno-
precipitate with FoxP3. The secretion of IL-2 by transduced primary CD4" T cells
was inhibited by the expression of full-length FoxP3. In contrast, the expression
of AFoxP3 (a 51-amino acid fragment of FoxP3 that is necessary to bind to the
C-terminal region of Eos) reversed this effect. After a knockdown of Eos in the same
cells, the FoxP3-dependent suppression of IL-2 was abrogated. Moreover, the same
group investigated the effect of an Eos-knockdown on a FoxP3-dependent gene set
from Treg cells (Pan et al. 2009). Strikingly, more than 70 % of genes affected by
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a Eos-knockdown in Treg cells were FoxP3-dependent, and 90 % of the genes that
are usually downregulated by FoxP3 expression were no longer inhibited after a
knockdown of Eos.

Another cell type that executes regulatory effects is the Tgr1 T cell. T 1 cells are
induced through activating signals such as CD3/CD46 cross-linking or IL-27 and
TGFB. They are characterized by the secretion of high levels of the highly immuno-
suppressive cytokine IL-10 as well as the lack of IL-4 expression and no or only low
expression of IL-2. Tr1 cells modulate immune function through IL-10 secretion
by inhibiting effector function and activation of various cell types (Roncarolo et al.
2001; Fig. 2.1).

2.3 Treg Cells in MS

The role of Treg cells in the development and in the course of MS has been in the
focus of intensive clinical and basic research in the past years. These studies have
investigated the frequency as well as the immune-modulating function of Treg cells,
thereby considering disease activity and therapy status.

2.3.1 Frequency of Treg Cells in the Peripheral Blood of MS
Patients

The frequency of CD4TCD25Meh Treg cells in patients with MS has been investi-
gated by various groups. Viglietta et al. (2004) first reported that while there were no
significant differences in the frequency of CD4+CD25"e" Treg cells in the periph-
eral blood of 15 untreated relapsing remitting MS (RRMS) patients and 21 healthy
controls, there were differences in function that are discussed below. A similar result
has been reported by a different group, which has analyzed CD4+tCD25"¢" Treg
cells from 73 RRMS patients and 73 healthy controls (Haas et al. 2005). Moreover,
Feger et al. (2007) have observed no differences in the frequency of CD4TCD25*
Treg cells in the blood of 40 healthy controls and 36 untreated patients with different
disease subtypes, including clinically isolated syndrome (CIS), RRMS, secondary
progressive MS (SPMS), and primary progressive MS (PPMS).

2.3.2 Frequency of Treg Cells in the CSF of MS Patients

Treg cells have been identified in the cerebrospinal fluid (CSF) of MS patients. It
has been observed by Haas et al. (2005) that the number of CD4TCD25% Treg
cells in the CSF and the peripheral blood of 15 untreated RRMS patients did not
differ significantly. Nevertheless, in another study, the CSF of 14 untreated CIS
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and RRMS patients and 9 patients with other, nonautoimmune neurological diseases
has been analyzed. The frequency of CD4*tCD25"FoxP3™ Treg cells in the CSF
of the MS patients was significantly increased compared with peripheral blood of
the MS patients. In contrast to this, patients with other neurological diseases did
not show elevated Treg cell levels in the CSF compared with the blood. These data
suggest that Treg cells are selectively enriched in the CSF of MS patients in order
to fight autoimmune processes (Feger et al. 2007). In a recent report, Fritzsching
et al. (2006) have compared the frequency of CD4*tCD25"FoxP3* Treg cells in
the CSF of 17 treatment-naive MS patients with the number of Treg cells in the
peripheral blood. CD45RO"¢"CDI5eh Treg cells have been shown to be highly
sensitive to CD95L-induced apoptosis. Strikingly, this subpopulation was increased
in the CSF of MS patients compared with the peripheral blood. The Fritzsching
group therefore hypothesizes that Treg cells may be eliminated in the CNS through
CD95L-mediated apoptosis. Interestingly, the same group has also examined brain
biopsies of 16 untreated RRMS patients. No Treg cells were detectable in 30 % of
the biopsies; the number of FoxP3" Tcell was generally low in the analyzed brain
tissue (Fritzsching et al. 2011).

2.3.3 Function of Treg Cells in MS

2.3.3.1 Function of CD4*CD25" Treg Cells Is Impaired

Even though frequency of Treg cells in the peripheral blood of MS patients does not
differ in comparison to healthy controls, the immunomodulatory function of Treg
cells has been shown to be impaired in MS patients (Kumar et al. 2006, Baecher-Allan
et al. 2004). Viglietta et al. (2004) have analyzed samples from untreated RRMS pa-
tients. When cocultured with CD4+CD25~ responder cells, CD4+CD25"¢" Treg
cells from healthy subjects effectively suppressed the proliferation of the respon-
der cells. In striking contrast to this, CD4*CD25"¢" Treg cells from MS patients
showed an inadequate suppressive ability and inhibited proliferation only poorly.
A similar observation has been made after coculturing CD4+CD25Me" Treg cells
from MS patients with CD4*CD25~ responder cells from either patients or healthy
controls. The Treg cells were incapable of suppressing responder cell prolifera-
tion, while CD4TCD25™ responder cells from MS patients could be suppressed by
CD4*+CD25"¢" Treg cells from healthy controls, indicating that a defect in the regula-
tory function of the Treg cells themselves is responsible for the impaired suppressive
ability. Moreover, single-cell cloning experiments were performed. Strikingly, the
cloning frequency of CD4*CD25"2" T cells was significantly decreased in MS pa-
tients compared with healthy controls. Furthermore, Huan et al. (2005) have shown
that the levels of FoxP3 mRNA and protein expression are reduced in CD4TCD25%
Treg cells from untreated MS patients compared with healthy controls, indicating
a correlation between the reduced FoxP3 expression and the impaired suppressive
capacity of Treg cells in MS patients.
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2.3.3.2 Frequency and Suppressive Function of CD31*-Naive Treg Cells Are
Altered

An altered Treg cell subpopulation has been described by Haas et al. (2007)
CD41CD25"FoxP3" Treg cells that enter the circulation and coexpress CD31 are
defined as recent thymic emigrants (RTEs). The number of RTEs decreases with age
and is significantly diminished in RRMS patients compared with healthy controls.
The reduced de novo generation of CD31%-naive Treg cells was compensated by an
increase in the amount of memory Treg cells so that the total Treg cell number was
stable. The differences in the functional capacity of Treg cells between MS patients
and healthy controls were neutralized by depletion of CD31" T cells, indicating that
RTEs contribute to the functional characteristics of the Treg cell population.
Although a defect in Treg cells function has been observed in patients with
RRMS, the suppressive capacity of Treg cells from patients with SPMS does not
seem to be impaired (Venken et al. 2006). The reduced suppressive ability of
the Treg cells has been correlated with a decreased FoxP3 expression in RRMS
patients (Venken et al. 2008a). Moreover, the Venken group has compared the
frequency and function of naive (CD4*CD25*CDI127"°*CD45RA*) and memory
(CD47CD25*CD127"°¥CD45R0O™) Treg cells from untreated RRMS and SPMS pa-
tients with short and long disease duration, respectively. The suppressive capacity
of naive Treg cells was decreased in all groups compared with healthy controls; in
contrast, the suppressive function of memory Treg cells was similar to healthy con-
trols and was increased in SPMS patients and RRMS patients with a long disease
duration (> 10 years) compared with RRMS patients with a short disease duration
(< 10 years). When comparing the frequency of naive and memory Treg cells of early
(disease duration < 10 years) and chronic (disease duration > 10 years) untreated
MS patients, they observed that both groups showed decreased numbers of naive
Treg cells. The frequency of memory Treg cells was increased in chronic patients.
Interestingly, the proportion of CD31% memory Treg cells was diminished in early
MS patients, suggesting a high cell turnover in early disease (Venken et al. 2008b).

2.3.3.3 IFN-y-Secreting Ty1-Like T Cells Are More Prevalent in MS Patients

CD4*+CD25"¢"FoxP3* Treg cells isolated ex vivo from patients with untreated
RRMS show a T helper type 1 (Ty1)-like phenotype after stimulation with PMA
and ionomycin. The frequency of these [FN-y- secreting Ty 1-like T cells was higher
in untreated RRMS patients compared with healthy controls (Fig. 2.2). Treg cells and
responder T cells from patients with RRMS have been cultured with an IFN-y-specific
antibody showing that blocking IFN-y leads to a significantly elevated suppressive
capacity of the Treg cells, thereby confirming that the suppressive ability of Treg
cells from RRMS patients is decreased by IFN-y production. Moreover, a compar-
ison of Treg cells from IFN-B-treated RRMS patients with Treg cells from healthy
controls has shown a similar frequency of IFN-y-secreting FoxP3™ T cells in both
groups. Comparable results have been reported for type 1 diabetes (Dominguez-Villar
etal. 2011, McClymont et al. 2011).
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2.3.3.4 CD46-Activated T Cells Have an Impaired Immunomodulatory
Function

A defect of suppressive function has also been described for other regulatory cells,
such as Tr 1 cells. Tr 1 cells are characterized by the secretion of high levels of IL-10
(Roncarolo et al. 2001; Groux et al. 1997). It has been observed that the immunoreg-
ulatory function of CD46-activated T cells is impaired in patients diagnosed with
MS. CD46 is a costimulatory membrane molecule with two cytoplasmatic isoforms,
Cytl (16 amino acids) and Cyt2 (23 amino acids). CD46-costimulated T cells acquire
a Tr1-like phenotype in the presence of IL-2 with IL-10 and granzyme B produc-
tion, but can also show a Ty1-like response, characterized by elevated levels of
IL-2, IL-10, and IFN-y and decreased secretion of IL-5. CD4™ T cells from healthy
controls and from untreated or IFN-f- treated patients with RRMS were stimulated
with anti-CD3 and either anti-CD28 or anti-CD46 antibodies in the presence of IL-2.
The IL-10 secretion of CD46-activated T cells from treated and untreated MS pa-
tients was significantly diminished compared with healthy controls, while INF-y
production did not significantly change in any of the groups. This effect could not be
observed for CD28- stimulated T cells, and is therefore specific to CD46. Moreover,
it has been detected that the CD46 isoform Cyt2 is significantly higher expressed in
T cells from MS patients compared with healthy controls. In a murine model, Cyt2 is
associated with an enhancement of inflammatory processes, while the other isoform,
Cytl, seems to inhibit inflammation (Astier et al. 2006; Marie et al. 2002).

2.3.3.5 Allele of CD58 Locus Has a Protective Effect

In the past years, genetic analyses such as genome-wide association studies (GWAS)
have contributed greatly to the expansion of our knowledge of MS. In several GWAS,
multiple susceptibility loci have been identified that are associated with the risk of
developing the disease. Some of these loci, such as IL2RA (CD25), IL7RA, and
CDS5S8, are of particular interest as they have been shown to be linked to the function
of Treg cells (Jager et al. 2009; Sawcer et al. 2005, 2011).

Recently, the protective effect of the rs2300747€ allele of the CD58 locus has been
described. CD58 (LFA-3) influences TCR signaling through the engagement of its
receptor CD2. CD2 enhances the suppressive function of human Treg cells through
costimulation and, moreover, by promoting FoxP3 expression. An enhanced CD58
mRNA expression has been observed in lymphoblastic cell lines and peripheral blood
mononuclear cells (PBMCs) from patients with RRMS or CIS. Furthermore, it has
been shown in a different set of patients that CD58 mRNA expression levels were
higher in those patients who were in clinical remission, suggesting that elevated
levels of CD58 RNA expression may play a role in minimizing inflammation in
MS patients by enhancing the function of CD4+CD25"¢" Treg cells through CD2-
mediated upregulation of FoxP3 expression (Jager et al. 2009).
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2.3.4 Treg Cells in Experimental Autoimmune Encephalomyelitis
(EAE)

In the investigation of immunological mechanisms, which contribute to the patho-
genesis of MS, the use of EAE, and the mouse model of MS, has led to important
observations. Many groups have described the complex role of Treg cells in the de-
velopment and control of EAE. The CNS shows an increased proliferation of Treg
cells during inflammation (O’Connor et al. 2007). It has been shown by several
groups that murine CD4TCD25"FoxP3™ T cells accumulate in the CNS, and that
this accumulation correlates with recovery (Korn et al. 2007, McGeachy et al. 2005).
Nevertheless, the accumulated cells do not have the functional capacity to effectively
suppress effector T cells during the peak of EAE (Korn et al. 2007). As mentioned
above, a subset of CD4"FoxP3™ Treg cells with the ability to produce IL-17 under
certain inflammatory conditions has been identified in the human peripheral blood.
Treg cells taken from the CNS of mice with EAE did not secrete IL-17 in the presence
of IL-6. It has been observed that Treg cells from the CNS of these mice were lacking
the IL-6 receptor chains, CD126 and gp130, suggesting a reduced responsiveness to
IL-6 (O’Connor et al. 2012).

2.3.4.1 Adoptive Transfer of Treg Cells Has a Protective Effect

In 1994, Lafaille et al. (1994) have shown that the development of spontaneous
EAE is increased in immunodeficient TCR myelin basic protein (MBP) transgenic
mice. For these experiments, TCR transgenic mice were crossed with recombinant
activating gene (RAG)-1 gene-deficient mice in order to generate mice with no lym-
phocytes but CD4™ T cells expressing TCRs specific for MBP. All TCR transgenic
RAG-1-deficient (T/R™) mice developed spontaneous EAE, while only some mice
with an intact RAG-1 gene (T/R™) were affected, suggesting that nontransgenic
lymphocytes have a protective effect. Moreover, it has been observed that an early
transfer of total splenocytes or CD4™ T cells from normal donor mice into T/R™
mice can prevent EAE in T/R™ mice. The same group has also described that CD4*
T cells expressing endogenous o and B TCR chains are required to protect T/R*
from developing spontaneous EAE. These observations have been interpreted in
favor of the immunomodulatory effect of Treg cells on the development of EAE
(Olivares-Villagomez et al. 1998).

These conclusions have been supported by a study of Hori et al. (2002) on the
effect of CD25TCD4™ Treg cells on the development of EAE in TCR MBP RAG-
1-deficient mice. In contrast to T/R™ mice, T/RT mice contain CD25tCD4+ T
cells. The adoptive transfer of CD2574" T cells from either wild-type or T/R™
mice into T/R™ mice prevented T/R™ mice from developing EAE. Moreover, Kohm
et al. (2002) have observed that the adoptive transfer of CD4*CD25" Treg cells
results in a decreased CNS infiltration and in protection from myelin oligodendrocyte
glycoprotein (MOG)- induced EAE in C57BL/6 mice, underlining the protective
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effect of Treg cells. In addition to this, Treg cells have been shown to have the
potential to inhibit the cytokine production and proliferation of MOGg;s_ss-specific
Thl cells in vitro.

Passive transfer of CD4TCD25" CNS-derived Treg cells in low numbers that
were isolated from mice that were in the recovery phase of MOG- induced EAE has
been shown to protect C57BL/6 mice from the development of EAE. In contrast, the
same number of CD4tCD25" Treg cells from naive lymph nodes did not have the
same effect, indicating that antigen-specific Treg cells that have been isolated from
the inflamed tissue seem to be more potent to suppress inflammation (McGeachy
et al. 2005).

2.3.4.2 Differences in Disease Susceptibility

Not all mouse strains are equally or at all susceptible to the induction of EAE.
Although B10.S mice are highly resistant, SJL mice show a high susceptibility to
PLP139-151-induced EAE. Reddy et al. (2004, 2005) have demonstrated that after
using PLP139-151 tetramers, both mouse strains do not show significant differences
in the frequency of tetramer-positive T cells in the naive compartment. Interestingly,
most tetramer-positive T cells in SJL mice were CD4TCD25™; while PLP139-151
tetramer-reactive T cells in B10.S mice have been shown to be CD4TCD25". After
depletion of CD4*CD25* T cells through administration of anti-CD25 antibody, the
susceptibility of B10.S to the induction of EAE has been shown to be increased. This
observation indicates that B10 mice have strong Treg cell population and underlines
the importance of CD4TCD25" Treg cells in the regulation autoimmune diseases.
Interestingly, the depletion of Treg cells before induction of PLP139-151-mediated
EAE leads to a greater degree of susceptibility to EAE in male mice compared with
nontransgenic controls and female mice.

2.34.3 Depletion of CD25" Increases Disease Severity

This observation is supported by another study, in which it has been demonstrated
that the depletion of CD25" Treg cells in C57B1/6 mice by anti-CD25 antibodies has
been shown to inhibit the recovery from the MOG- induced EAE. Furthermore, the
resistance to reinduction of EAE is removed when Treg cells are depleted (McGeachy
etal. 2005). Another important study reports that SJL. mice show an increased severity
of PLP139-151-induced EAE after administration of anti-CD25 antibodies in order
to reduce CD25TCD4™" T cells. Although cells from the lymph nodes of anti-CD25
antibody-treated mice produced more IFN-y after stimulation with PLP139-151 in
vitro, the IL-10 secretion of these cells was significantly reduced. The adoptive
transfer of CD257CD4" T cells from naive SJL mice into mice before induction of
EAE decreased disease severity, illustrating the suppressive capacity of Treg cells
(Zhang et al. 2004).
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2.3.5 Treg Cells and MS Therapy

A therapeutic strategy to recover immune function in MS patients could be the
restoration of impaired Treg cell function. Some immunomodulatory MS treatments,
such as glatiramer acetate (GA) and IFN-, have been described to partially execute
their therapeutic effect through Treg cells.

Treatment with GA has been shown to increase the FoxP3 expression of Treg cells
from MS patients (Hong et al. 2005). In arecent study, the blood of 15 RRMS patients
has been analyzed before and after long-term treatment with GA. Before treatment
with GA (baseline) the proportions of naive and recent thymic emigrant Treg cells
within the total Treg cell population were decreased compared with healthy controls.
Interestingly, this effect was reversed after the patients had received treatment with
GA for up to 6 months. Moreover, the impaired suppressive function of the total
Treg cells was improved compared with the baseline results (Haas et al. 2009). In
addition to this, it has been observed that treatment with GA leads to an upregulation
of specific CD8* T cells responses (Karandikar et al. 2002). GA-reactive CD8" T
cells have been shown to execute suppressive function. Although the suppressive
ability of CD8™ T cells was reduced in untreated MS patients compared with healthy
controls, it was significantly enhanced in GA-treated MS patients, suggesting that
treatment with GA has the potential to modulate immune responses directly during
ongoing therapy (Tennakoon et al. 2006).

Another potent therapeutic agent is IFN-B. Blood samples of 22 untreated RRMS
patients were analyzed before and after treatment with IFN-f-1a. The suppressive
function of CD4TCD25™ Treg cells was impaired at baseline, but was restored after
6 months of treatment (Andres et al. 2007). Furthermore, Vandenbark et al. (2009)
have reported elevated FoxP3 mRNA levels in RRMS patients that have been treated
with IFN-B-1a for 12 months compared with their own baseline results and to un-
treated RRMS patients and healthy controls. Nevertheless, the FoxP3 protein levels
did not differ significantly from those observed in untreated RRMS patients and
healthy controls. Interestingly, one group has observed no differences in the fre-
quency of CD4*CD25"¢" Treg cells in the blood patients treated with GA and/or
IFN-B-1a compared with untreated MS patients and healthy controls (Putheti et al.
2004).

Natalizumab, a monoclonal antibody against the a-4 chain of very late activation
antigen 4 (VLA-4), is an efficient drug in the treatment of MS. However, it does
not seem to influence the suppressive capacity of CD4*CD25"FoxP3" Treg cells
(Stenner et al. 2008, Ramos-Cejudo et al. 2011).

2.4 Conclusion

MS is an autoimmune disease caused by uncontrolled autoreactive T and B cells. The
failure of Treg cells to suppress these immune cells in MS patients plays an important
role in disease onset and progression. Although the frequency of CD4+CD25" " Treg
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cells is not altered in MS patients as compared with healthy controls, the suppressive
capacity of Treg cells is impaired in MS patients. Recent studies have shown that
Treg cells in MS patients can exhibit effector T cell functions, such as IFN-y pro-
duction. Modification of Treg cell activity is therefore a promising approach for the
development of new experimental therapies for MS and other autoimmune diseases.

Treg cells are key regulators of the immune system. Imbalance of Treg cells
and effector immune cells contributes to the development of various autoimmune
diseases. Lessons learned from Treg studies in MS patients and EAE mouse models
might therefore not only contribute to a better understanding of MS development
and progression, but also provide insights into other autoimmune diseases.
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Chapter 3

T-bet: A Critical Regulator of Encephalitogenic
T Cells

Amy E. Lovett-Racke and Michael K. Racke

Abstract T-bet is a transcription factor that regulates CD4 Th1 cell differentiation
and mice deficient in T-bet fail to develop experimental autoimmune encephalomyeli-
tis, demonstrating its critical role in the generation of immune-mediated demyeli-
nating disease. More importantly, silencing T-bet in a model for multiple sclerosis
(MS) demonstrates that it is a viable therapeutic target. T-bet has been found to cor-
relate with disease activity and therapeutic efficacy, suggesting that it may also be a
biomarker for MS. Defining the role of T-bet in generating encephalitogenic T cells
and their effector functions may provide insight into the mechanisms that underlie
the pathology of MS lesions.

3.1 Introduction

T-bet was originally cloned and characterized in 2000 by Laurie Glimcher’s lab-
oratory in an effort to dissect the regulatory pathway that ultimately led to the
development of Thl cells (Szabo et al. 2000). Under the hypothesis that the /L2,
IFNg, and TNFb genes would all be regulated by a common transcription factor,
which would result in Th1 cells, since the expression of these cytokines defines Th1
cells, at least one hybrid system utilizing an IL-2 promoter—reporter construct was
used to identify mRNA that was differentially expressed in Th1 cells relative to Th2
cells. Sequence homology to the T box family of transcription factors was the basis
for the name T-bet, T box expressed in T cells. T-bet is a 530 amino acid protein
encoded by the Thx21 gene on chromosome 17 in humans and chromosome 11 in
mice, and it contains a 189 amino acid T box DNA-binding domain. T-bet was found
to directly regulate the expression of IFNy and repress the expression of Th2 cy-
tokines (Szabo et al. 2000; Finotto et al. 2002; Lovett-Racke et al. 2004; Hwang
et al. 2005; Jenner et al. 2009). Since myelin-specific Thl cells were capable of
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inducing experimental autoimmune encephalomyelitis (EAE), a model of multiple
sclerosis (MS), and Th1 cells were found in the central nervous system (CNS) of
MS patients, a tremendous amount of research has focused on the role of Th1 cells
and associated signaling pathways as a means to understand the pathophysiology
of MS (McDonald and Swanborg 1988; Ando et al. 1989; Waldburger et al. 1996;
Yura et al. 2001; Lovett-Racke et al. 2004; Gocke et al. 2007; Yang et al. 2009).
T-bet, a Thl-associated transcription factor, has been found to be a critical factor in
the development of encephalitogenic CD4 T cells in EAE, as well as an effective
therapeutic target (Lovett-Racke et al. 2004; Bettelli et al. 2004; Gocke et al. 2007,
Yang et al. 2009). Furthermore, T-bet has been identified as a potential biomarker for
disease activity and therapeutic efficacy in MS patients (Nath et al. 2004; Frisullo
et al. 2006; Peng et al. 2006; Frisullo et al. 2007; Drulovic et al. 2009; Iorio et al.
2009; Kleiter et al. 2010; Frisullo et al. 2011). Thus, T-bet provides insight into the
mechanisms by which CD4 T cells mediate CNS lesion development, as well as a
potential therapeutic target for the treatment of MS.

3.2 Characterization of the Immune Response in Multiple
Sclerosis

MS is an old disease whose pathology was not formally articulated until the nine-
teenth century when Jean-Marie Charcot described CNS lesions associated with
episodic neurological deficits.

On histological sections, multiple sclerosis lesions contain perivascular inflammation and
demyelination. Plaques occur anywhere within the white matter of the central nervous sys-
tem. The most frequently affected sites are optic nerves, brainstem, cerebellum and spinal
cord. Lesions in these areas often correlate with clinical systems. In the cerebral hemispheres,
periventricular distribution of plaques is often seen. When plaques are adjacent to the cortex,
subcortical myelinated nerves are often spared. Plaques located near the gray matter may
spread into the gray matter, including deep nuclei and the cortex. Axons are spared within
the initial lesions, but are later destroyed (Charcot 1968; translated from French).

Although tremendous research has been done to understand the pathophysiology of
MS, Charcot’s initial description is still as accurate a description of the MS lesions as
any published since that time. In addition, the components of the lesions as delineated
by Charcot, inflammation, demyelination, and axonal destruction, have been the
basis of most research on MS. Since inflammation appears to be the predecessor of
the demyelination and axonal damage, characterization of the inflammatory response
has been a priority in MS research. As our understanding of immunology has evolved
over the past decades, our understanding of the inflammatory response in the CNS
of MS patients has also evolved, yet the cause of the disease remains unknown and
our ability to modify the disease course limited.
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3.3 CD4T Cell Lineages

The hallmark observation that CD4 T cells can express distinct cytokine profiles
and play different roles in protective immunity has shed light on the differential role
of CD4 T cell lineages in health and disease. The original observation that effector
CD4 T cells primarily expressed the signature cytokines IFNy or IL-4, known as
T-helper 1 (Thl) or T-helper 2 (Th2) cells, respectively, prompted interest in how
these two lineages develop (Mosmann et al. 1986). T cell receptor (TCR) binding to
MHC/peptide complexes (signal 1) and CD28 interaction with CD80/CD86 (signal 2)
are the initial activation signals required for the activation of T cells via antigen-
presenting cells (APCs; Fig. 3.1; June et al. 1990). However, cytokines produced in
the microenvironment provide critical signals that determine the lineage commitment
of CD4 T cells. If the environment is rich in IFNy and IL-12, CD4 T cells differenti-
ate into Th1 cells (Figs. 3.1 and 3.2). All CD4 T cells express the interferon receptor,
which when engaged, results in the phosphorylation of the transcription factor STAT1
and translocation to the nucleus (Fig. 3.2a; Afkarian et al. 2002). STAT1 contributes
to the expression of T-bet, the master regulator of Thl cells (Fig. 3.2b—c; Lovett-
Racke et al. 2004). There is a positive feedback loop between STAT1 and T-bet that
promotes the Th1l phenotype and induces the expression of the IL-12 receptor $2
chain (IL12RB2). When the IL12RB2 chain pairs with the constitutively expressed
IL12RB1 chain, this allows IL-12 signaling to occur. IL-12 receptor signaling causes
phosphorylation of STAT4, translocation to the nucleus, and binding to the Ifng
gene promoter (Fig. 3.2d; Jacobson et al. 1995). In conjunction with STAT1 and
T-bet, STAT4 induces expression of IFNy and lineage commitment to a Th1 pheno-
type (Fig. 3.2e). Since Thl cells express IFNy and IFNy initiates the differentiation
of Th1 cells, the microenvironment will continue to favor the differentiation of naive
CD4 T cells into Thl cells, and thus an immune response to a particular antigen is
typically dominated by a specific CD4 T cell lineage. Similarly, CD4 Th2 cells are
generated by IL-4 receptor signaling that causes phosphorylation of STAT6, translo-
cation to the nucleus, and binding to the gata3 gene promoter (Hsieh et al. 1992; Hou
et al. 1994; Zheng and Flavell 1997). GATA3 is the master transcriptional regulator
of Th2 cells that promotes the expression of IL-4 as well as other Th2-associated
cytokines such as IL-5 and IL-13.

More recently, a unique population of CD4 T cells known as Th17 cells has
been identified as another lineage defined by the expression of IL-17 (Yao et al.
1995). IL-6 appears to be the critical cytokine for the differentiation of naive CD4
T cells into Th17 cells (Veldhoen et al. 2006; Bettelli et al. 2006; Mangan et al.
2006; Acosta-Rodriguiz et al. 2007; Wilson et al. 2007; Yang et al. 2008a, 2008b;
Yang et al. 2009; Ghoreschi et al. 2010). IL-6 receptor signaling causes the phospho-
rylation of STAT3, which in coordination with the transcription factor RORyt induce
IL-17 expression (Fig. 3.2g-h). However, other cytokines have been implicated to
enhance Th17 commitment in conjunction with IL-6, namely TGFp in murine T cells
(Figs. 3.1 and 3.2g) and TGFB, IL-18, and IL-21 in human T cells. Myelin-specific
Th1 and Th17 cells are present in mice with EAE and MS patients, and both popula-
tions appear to mediate CNS pathology (Traugott and Lebon 1988; McDonald and
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Fig. 3.1 Differentiation of CD4 T cells into effector T cells that mediate central nervous system
(CNS) demyelination. Naive CD4 T cells engage antigen-presenting cells (APC) to become acti-
vated. Both MHC/peptide engagement with the T cell receptor (TCR) and costimulation mediated
by CD80/86 (B7.1/B7.2) with CD28 is required to initiate T cells activation. These activated T cells
have the capacity to differentiate into different T cell lineages depending on the cytokines in the
local environment. IFNy and IL-12 promote the differentiation of Thl cells, which are primarily
regulated by the transcription factor T-bet, express IFNy, and can mediate experimental autoim-
mune encephalomyelitis (EAE). Th2 cells depend on IL-4 activation via the transcription GATA3
and typically are associated with EAE resistance. Th17 cells can be generated in the presence of
IL-6 in the presence or absence of TGFf; however, only Th17 generated in the absence of TGFB
are capable of causing EAE due to the negative regulation of T-bet by TGFS. CD4 T cells can also
develop into a regulatory population that limits the activation and effector functions of other CD4
T cells

Swanborg 1988; Ando et al. 1989; Waldburger et al. 1996; Yura et al. 2001; Lock
et al. 2002; Lovett-Racke et al. 2004; Gocke et al. 2007; Kroenke and Segal 2007;
Tzartos et al. 2008; Yang et al. 2009).

CD4-positive T cells may also develop into a regulatory population that plays a
vital role in controlling and dampening of effector T cells to maintain the balance
between protection and potential immune-mediated pathology (Kumar et al. 1996;
Hori et al. 2003). CD4-regulatory T cells (Tregs) can develop in the thymus or in the
periphery. TGFp signaling is believed to be the critical cytokine signaling required for
Treg development, which induces the expression of Foxp3, the transcription factor
required for Treg development and function (Fig. 3.1; Marie et al. 2005). These four
dominant populations of CD4 T cells provide molecular signals to other cells of the
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immune system, which coordinate an immune response to protect us from pathogens
and cancer. The effectiveness of our immune system is evident in that the vast majority
of us live long and healthy lives. However, approximately 5 % of the population
suffers from some form of autoimmunity and since autoimmunity is mediated by
adaptive immune responses, a tremendous amount of research has focused on the
role of CD4 T cells in the onset and progression of autoimmune diseases. Although
the pathology of autoimmune diseases may be caused by auto-antibodies or cytotoxic
CDS8 T cells, CD4 T cells play vital roles in the development of antibodies and CDS8
T cells, making CD4 T cells a potential common link among all autoimmune diseases.

3.4 Role of CD4 T Cells in Experimental Autoimmune
Encephalomyelitis

EAE has been used as a model for MS research since the 1960s. The model originated
from the observation that a small number of individuals who received the rabies
virus vaccine, a live-attenuated vaccine grown in the CNS of rabbits, developed
encephalomyelitis. Investigation into the cause of the postvaccine encephalomyelitis
led to the discovery that the CNS material that contaminated the vaccine could induce
a hypersensitivity reaction that resulted in an immune-mediated encephalomyelitis
and the onset of symptoms reminiscent of MS (Rivers et al. 1933). EAE is typically
induced in rodents by subcutaneous immunization of myelin proteins or peptides
emulsified in Complete Freund’s Adjuvant (CFA). However, adoptive transfer of
myelin-specific CD4 Thl cells into naive recipient mice will also result in EAE
development (McDonald and Swanborg 1988; Ando et al. 1989; Waldburger et al.
1996; Yura et al. 2001; Lovett-Racke et al. 2004; Gocke et al. 2007; Yang et al.
2009), supporting the hypothesis that CD4 T cells are the primary mediator of this
model autoimmune disease.

Since myelin-specific Th1 cells were sufficient to induce EAE in mice, research
on the role of T cells in MS focused on Th1 cells. Several studies that reduced IFNy
in myelin-specific T cells prior to transfer to recipient mice found that changing the
signaling pathways, which are necessary for Thl cell differentiation, diminishes the
encephalitogenic capacity of these myelin-specific CD4 T cells (Racke et al. 1994;
Racke et al. 1995; Lovett-Racke et al. 2004). Furthermore, mice deficient in STAT4
and T-bet, two transcription factors that play vital roles in the Thl differentiation
pathway, were resistant to EAE induction, supporting the hypothesis that EAE is
mediated by Thl cells (Chitnis et al. 2001; Bettelli et al. 2004; Nath et al. 2006).
To determine whether IFNy was a potential therapeutic target, EAE experiments in
mice deficient in IFNy signaling were performed. Contrary to expectations, mice
deficient in IFNy were susceptible to EAE (Ferber et al. 1996). In addition, systemic
treatment of mice with IFNy-neutralizing antibodies did not suppress EAE (Lublin
et al. 1993; Heremans et al. 1996; Willenborg et al. 1996). Together, these studies
indicate that IFNy is not essential for the development of encephalitogenic T cells
in mice; however, molecules in the Th1 differentiation pathway are necessary.
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The observation that CD4 Thl cells were sufficient to cause EAE, yet IFNy was
dispensable, prompted the investigation of other cytokines in the development and
function of encephalitogenic T cells. Since IL-12 was a key cytokine necessary
for Thl cell differentiation, the components of IL-12 and the IL-12 receptor were
analyzed using mice genetically deficient in each subunit of the IL-12 cytokine and
receptor. IL-12 is a heterodimer composed of a p40 and p35 subunit. Mice deficient
in the IL-12p40 were resistant to EAE, yet mice deficient in IL-12p35 remained
susceptible to EAE (Becher et al. 2002; Gran et al. 2002). Since IL-12p40 was also a
component of IL-23 (Oppmann et al. 2000), EAE was evaluated in mice deficient in
the IL-23-specific subunit, p19. IL-23p19-deficient mice were protected from EAE
induction, similar to the IL-12p40-deficient mice, indicating that IL-23 signaling
was necessary for EAE development (Cua et al. 2003). Culturing of myelin-specific
T cells isolated from immunized mice with IL-23 promoted the expansion of myelin-
specific IL-17-producing T cells (Langrish et al. 2005). In addition, transfer of these
IL-23-expanded T cells into naive mice resulted in EAE, leading to speculation that
Th17 cells were actually the primary encephalitogenic CD4 T cell population in EAE
and perhaps MS. However, mice deficient in IL-17 remained susceptible to EAE,
although the disease may be less severe, suggesting that IL-17 is also not necessary
for the development of encephalitogenic T cells (Komiyama et al. 2006; Haak et al.
2009). These data indicate that IL-23, an APC-produced cytokine, is necessary for
the development of encephalitogenic T cells. Yet, [FNy and IL-17, the cytokines that
define Th1 and Th17 cells, are not essential.

So what molecules expressed by myelin-specific CD4 effector T cells are required
for encephalitogenicity? Use of genetic knock-out mice has shown that GM-CSF
(Ponomarev et al. 2007; Codarri et al. 2011; El-Behi et al. 2011), STAT4 (Chitnis
et al. 2001), and T-bet (Bettelli et al. 2004; Nath et al. 2006) are required for T
cell encephalitogenicity. GM-CSF, a cytokine expressed by numerous cell types
including macrophages, endothelial cells, and fibroblasts, is expressed by both Th1
and Th17 cells. However, STAT4 and T-bet are transcription factors that are typically
associated with Th1 cells, making it unclear why deletion of these genes would result
in EAE resistance if Th17 cells are sufficient to induce EAE. Suppression of T-bet
with an siRNA in mice found that not only was EAE inhibited, but both Th1 and Th17
cells failed to differentiate indicating that T-bet was affecting both encephalitogenic
T cell populations (Gocke et al. 2007; Yang et al. 2009). Thus, the contribution of
T-bet in regulating genes in encephalitogenic T cells must extend beyond IFNy and
Thl-associated genes.

3.5 Role of T-bet in Regulating Gene Expression in CD4 T Cells

T-bet was originally described as the “master” regulator of Thl cell differentiation
because it directly regulates the expression of the IFNy in CD4 T cells (Szabo et al.
2000). In naive CD4 T cells, the Ifng gene is epigenetically repressed by histone 3
lysine 4 trimethylation (H3K27me3; Fig. 3.3). Upon T cell activation and differenti-
ation into a Th1 phenotype, T-bet physically associates with the Ifng promoter. This
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Fig. 3.3 T-bet is the critical
transcription factor for the
regulation of the IFNy gene.
a IFNy gene is epigenetically
repressed via H3K27me3 in
naive CD4 T cells. b IFNy
and IL-12 receptor signaling
induces T-bet, which recruits
H3K27 demethylase
complexes to the Ifng loci to
reverse the epigenetically
repressed state. ¢ T-bet
recruits a permissive H3K4
methyl transferase to establish
a permissive epigenetic state
via H3K4me2. d Chromatin
remodeling allows
Thl-associated transcription
factors to bind and promote
IFNy production and the Th1
phenotype. e T-bet recruits
the transcriptional repressor
Bcl-6 to the Ifng loci late in
Th1 cell differentiation to
limit IFNy production and
return Th1 cells to a resting
state
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causes recruitment of H3K27 demethylase complexes to the Ifng loci to reverse
the epigenetically repressed state (Lewis et al. 2007; Miller et al. 2008). T-bet
subsequently recruits a permissive H3K4 methyl transferase to establish a permissive
epigenetic state via H3K4me2, resulting in chromatin remodeling which allows
T-bet and STAT4 to bind to the Ifng promoter. Typically within 3 days of activation, a
naive CD4 T cell will express IFNy and commit to a Th1 lineage. However, T-bet also
plays a repressive role in Thl cells by recruiting Bcl-6 to the Ifing loci late in Thl
cell differentiation (Oestreich et al. 2011). This results in reducing IFNy production
and return to a resting state of Th1 cells, probably to limit the effector function of
Th1 cells, minimize tissue damage, and reduce the potential for autoimmunity.
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T-bet-deficient mice are resistant to EAE development (Bettelli et al. 2004; Lovett-
Racke et al. 2004; Nath et al. 2006), while IFNy-deficient mice remain susceptible to
EAE (Ferber et al. 1996). This suggests that T-bet must regulate genes other than Ifng
that are necessary for EAE development. Since it had been shown that suppressing
T-bet not only reduced Th1 cells but also Th17 cells in mice with EAE, T-bet may be
regulating gene(s) common to both Th1 and Th17 cells (Gocke et al. 2007; Yang et al.
2009). Using chromatin immunoprecipitation assays, as well as overexpression of
T-bet in cell lines, T-bet was found to positively regulate the expression of the
1123r gene (Gocke et al. 2007). It had previously been observed that IL-23 and
IL-23 receptor-deficient mice were resistant to EAE suggesting that IL-23 receptor
signaling is a vital component of EAE regardless of whether it is mediated by Th1 or
Th17 cells (Zhang et al. 2003; Cua et al. 2003). Prior to the discovery of Th17 cells,
it had been shown that IL-23 receptor was expressed on activated T cells that were
largely of a Th1 phenotype (Oppmann et al. 2000; Parham et al. 2002), so it is feasible
that IL-23 may affect both Th1 and Th17 cells. In addition, IL-23 had been shown to
promote the expansion of encephalitogenic Th17 cells (Langrish et al. 2005), while
neutralizing IL-23 can ameliorate EAE (Chen et al. 2006). It was also shown that
IL-23 produced by microglia and CNS-infiltrating macrophages was necessary for
the onset of EAE, indicating that myelin-specific T cells required IL-23 receptor
expression to mediate demyelination in the CNS (Becher et al. 2003). Using primary
microglia cultures, it was found that IFNy enhanced IL-23 expression, supporting
the hypothesis that CNS-infiltrating Th1 cells may contribute to expansion of Th17
cells in the CNS via their production of IFNy. Similarly, Th17 cells are found in the
CNS of mice with EAE induced by adoptive transfer of myelin-specific Thl cells
(Gocke et al. 2007; Lees et al. 2008). Thus, T-bet appears to be critical for EAE due
to its role in upregulating the expression of the IL-23 receptor during T cell activation
and differentiation.

It had been shown that CD4 T cell lineage commitment is determined by the in-
teraction of T-bet and GATA-3. T-bet represses Th2 cell differentiation by a tyrosine
kinase-mediated interaction with GATA-3 (Hwang et al. 2005). Since encephalito-
genic CD4 T cells could be both Th1 and Th17, this led to the intriguing question as
to what was the role of T-bet in encephalitogenic Th17 cells, beyond IL-23 receptor
expression. As previously mentioned, silencing T-bet in wild-type mice with EAE re-
sults in fewer Th17 cells. However, induction of EAE in T-bet-deficient mice results
in a significant population of myelin-specific Th17 cells, yet these T-bet- deficient
mice fail to develop EAE (Yang et al. 2009). This suggests that T-bet is critical in
the development of encephalitogenic Th17 cells, but not in the development of CD4
T cells that are capable of expressing IL-17. Several studies showed that naive murine
T cells could be differentiated into Th17 cells with IL-6 and TGF (Fig. 3.1; Veldhoen
et al. 2006; Bettelli et al. 2006; Mangan et al. 2006). However, these differentiation
conditions failed to generate Th17 cells that could induce EAE when transferred
into wild-type mice, suggesting that the in vivo conditions that generate encephal-
itogenic T cells must be different (Yang et al. 2009; Ghoreschi et al. 2010). It was
subsequently shown that differentiation of naive T cells with IL-6, in the absence of
TGFB and cytokines that promote Th1 or Th2 cells, generates Th17 cells capable of
transferring EAE (Fig. 3.1; Yang et al. 2009; Ghoreschi et al. 2010). This observation
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was consistent with a previous study that found that TGFp is a negative regulator of
T-bet (Gorelik et al. 2002; Park et al. 2005). Therefore, Th17-inducing conditions
that included TGFB-generated T cells failed to express T-bet. Although these T cells
expressed significant amounts of IL-17, they were T-bet-negative and lacked a crit-
ical element of an encephalitogenic T cell. However, encephalitogenic T cells from
wild-type mice had T-bet-positive Th17 cells, and Th17 cells differentiated in vivo
with IL-6 in the absence of TGFf also expressed T-bet, indicating that T-bet was a
critical factor in encephalitogenic T cells regardless of whether they expressed a Thl
or Th17 phenotype (Yang et al. 2009).

T-bet has been implicated in the regulation of other molecules associated with
the Th1 phenotype and encephalitogenicity. For example, T-bet has been shown to
be required for optimal migration of Th1 cells into tissues. T-bet appears to regulate
the binding of Thl cells to P-selectin, an adhesion molecule expressed on inflamed
endothelium (Lord et al. 2005). T-bet has also been found to regulate the chemokine
receptor CXCR3, which is highly expressed on encephalitogenic Th1 cells (Qin et al.
1998; Sallusto et al. 1998; Beima et al. 2006). This led to speculation that CXCR3
may be vital to T cell trafficking to the CNS and thus, T-bet may be critical due
to its role in upregulating CXCR3 expression on CD4 T cells. Although CXCR3
inhibitors have been shown to slightly diminish EAE severity (Kohler et al. 2008;
Ni et al. 2009; Sporici and Issekutz 2010), CXCR3-deficient mice remain susceptible
to EAE (Liu et al. 2006; Muller et al. 2007) indicating that CXCR3 is not critical to
EAE development and, therefore, it is not an essential element regulated by T-bet.
This indicates that the diminished trafficking capacity of T-bet-deficient CD4 T cells
is probably mediated by a mechanism independent of CXCR3.

CD80/86 on APCs interaction with C28 on T cells is necessary to activate naive
T cells in conjunction with TCR engagement (Fig. 3.1). However, memory and
effector T cell populations do not require this costimulation signal via CD28, making
it possible for memory and effector T cells to function in a rapid and precise manner
(Dubey et al. 1996; Yi-qun et al. 1996; Lovett-Racke et al. 1998). More recently,
it was discovered that there were other costimulatory molecules, such as inducible
costimulator (ICOS) expressed on memory and effector T cells that contribute to
their effector function. Inhibition of ICOS after the induction of EAE attenuated the
disease (Rottman et al. 2001; Sporici et al. 2001). Ex vivo analysis of the CNS of
these mice showed that the myelin-specific CD4 T cells became activated, produced
IL-2, and trafficked to the CNS. However, IFNy production was diminished and
enhanced the apoptosis of memory T cells. T-bet was found to bind the ICOS promoter
to regulate ICOS expression in conjunction with the transcription factor, NFATc2
(Tan et al. 2008). Since T-bet is not expressed in naive T cells and only expressed
following T cell differentiation, the induction of ICOS in memory and effector T
cells is temporally consistent with T-bet expression. In human T cells, ICOS was
found to dramatically enhance the expansion of IFNy + IL-17 + T cells, which have
been found to have enhanced proinflammatory effector function in EAE and other
diseases (Paulos et al. 2010). Interestingly, these cells also express high levels of
T-bet, suggesting that T-bet may be enhancing the pathogenic potential of IFNy +
IL-17 + T cells via ICOS costimulation.
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In 2001, a large-scale sequencing of cDNA libraries acquired from CNS lesions
from MS patients found enhanced expression of osteopontin, a cytokine previously
associated with bone formation (Chabas et al. 2001). Rats with EAE were also found
to have enhanced osteopontin expression in their CNS. Although mice deficient
in osteopontin develop EAE, the disease is less severe, had fewer relapses, and
diminished proinflammatory cytokine expression (Chabas et al. 2001; Jansson et al.
2002). T-bet was found to at least partially regulate osteopontin expression, and T-
bet-dependent osteopontin expression is necessary for optimal differentiation of Th1l
cells (Shinohara et al. 2005). Osteopontin was subsequently found to initiate recurrent
relapses and enhance neurological deficits in mice with EAE via enhanced survival
of myelin-specific T cells (Hur et al. 2007). T-bet had originally been considered a
transcription factor, critical in the initial differentiation of CD4 T cells, but this study
indicates that T-bet function in effector and memory T cells via ICOS and osteopontin
may be just as important in demyelinating autoimmunity. This was validated in
treatment studies of EAE with an siRNA specific for T-bet in which disease was
virtually halted in mice when T-bet was suppressed (Gocke et al. 2007). Furthermore,
osteopontin levels are elevated in the CSF and serum of MS patients, and elevated
osteopontin in the CSF appears to be correlated with relapses (Bornsen et al. 2011;
Wen et al. 2012), reminiscent of elevated T-bet levels in MS patients (Frisullo et al.
2009; Kleiter et al. 2010).

T cell Ig- and mucin-domain-containing molecule 3 (Tim-3) was found to be
expressed by Thl cells and blockade of Tim-3 in EAE results in enhanced disease
severity, suggesting that Tim-3 plays a role in limiting the effector function of Thl
cells (Monney et al. 2002; Khademi et al. 2004). Tim-3 was also found to be ex-
pressed on resident CNS cells in rats with EAE, suggesting that it may contribute
CNS autoimmunity in the target organ as well as the infiltrating T cells (Gielen
et al. 2005). T cell clones from the CSF of MS patients found that Tim-3 and T-bet
were reduced compared to clones derived from control subjects, and that the MS
patient T cells had enhanced production of IFNy suggesting that Tim-3 inversely
correlates with IFNy expression (Koguchi et al. 2006). Using an siRNA specific for
Tim-3, T cell proliferation and IFNy production were reduced, demonstrating the
Tim-3 expression plays a significant role in Thl cell function. CSF T cell clones
with low Tim-3 levels also demonstrated resistance to inhibitor signals via CTLA-4,
suggesting that their enhanced effector functions may be partially due to diminished
regulation (Koguchi et al. 2006). Blockade of Tim-3 ex vivo in MS patients’ CD4
T cells did not alter IFNy production as it did in control subjects, demonstrating a
defect in Tim-3 immunoregulation (Yang et al. 2008a, 2008b). Interestingly, glati-
ramer acetate or IFNB treatment reversed the functional defect. Thus, dysregulated
expression of Tim-3 in MS patients may contribute to disease pathology, and current
immunomodulatory drugs may be beneficial at normalizing immune dysregulation
mediated by Tim-3. T-bet was found to contribute to the expression of Tim-3 in Th1
cells (Anderson et al. 2010). Since Tim-3 plays arole in dampening Th1 responses, it
appears that T-bet-regulated expression of Tim-3 plays arole in not only inducing Th1
responses, but also regulating them in a manner that limits Th1 effector functions.
Since MS patients appear to have diminished Tim-3 expression in effector/memory
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T cells, the balance of protective adaptive immune responses may be tipped such
that proinflammatory T cells go unregulated for extended periods of time resulting
in autoimmune tissue damage.

Together, these studies demonstrate that T-bet regulates the expression of sev-
eral genes that play different roles in T cells’ differentiation and effector functions.
T-bet may be an effective therapeutic target in EAE due to its ability to modulate
different mechanisms in T cells that are required for development, trafficking, and
pathogenesis in immune-mediated demyelinating disease.

3.6 Relevance of T-bet in Multiple Sclerosis

It is clear that T-bet is an essential factor in encephalitogenic T cells in mice. Yet, its
role in MS is much more difficult to assess. However, changes in T-bet levels have
become a common measure of therapeutic potential of drugs evaluated in EAE and
MS patients. T-bet levels in peripheral T cells are enhanced in MS patients during
relapses relative to remission and are elevated in MS patients compared to healthy
controls (Frisullo et al. 2006; Kleiter et al. 2010). In addition, pSTAT1, the transcrip-
tion factor that is initially activated during Th1 cell differentiation (Fig. 3.1a) is also
upregulated. Since pSTAT1 contributes to the expression of T-bet (Afkarian et al.
2002; Lovett-Racke et al. 2004), it is not surprising that T-bet and pSTAT 1 levels have
a positive correlation. In addition, T-bet and pSTAT1 levels correlated with active
lesions in the CNS as determined by MRI, suggesting that T-bet may be a marker of
disease activity in MS. Glucocorticoids, which have anti-inflammatory properties,
have been used successfully to treat MS exacerbations for decades. Ex vivo analysis
of T cells from MS patients treated with glucocorticoids found that T-bet and pSTAT1
were reduced, as well as IFNy production by peripheral lymphocytes (Frisullo et al.
2007), indicating that T-bet may be a potential biomarker of therapeutic efficacy.

During pregnancy, MS patients have a reduced exacerbation rate compared to
pre- and postpregnancy (Korn-Lubetzki et al. 1984). The mechanisms that underlie
this protection probably lie in the immune-tolerant state that is induced to protect
the fetus. Interestingly, relapse rates in women postdelivery are often enhanced but
typically return to prepregnancy levels within 1 year. In pregnant MS patients,
T-bet levels are reduced, consistent with an anti-inflammatory or tolerant state (Iorio
et al. 2009). However, in MS patients who have a relapse after delivery or have new
active lesions, T-bet and pSTAT1 levels are enhanced, as well as IFNy and 1L-17
levels. In addition, there is an increase in CD4+ CD25+ Foxp3+-regulatory T cell
population during pregnancy that may be suppressing the T-bet + T cells. Again, this
study indicates that T-bet may be a marker of disease activity in MS.

For the past two decades, IFNP has been used as a therapy for relapsing—remitting
MS. In a study to determine whether Thl or Th17 cells were altered due to IFNJ
therapy, [IFNy and T-bet mRNA levels were reduced at 1-year postinitiation of IFNf
therapy, while IL-17 and RORyt (the Thl7-associated transcription factor) were
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unchanged (Drulovic et al. 2009). Analysis of IFNP responders versus nonrespon-
ders found that reduced T-bet levels correlated with a favorable clinical response to
IFNB treatment, further supporting the role of T-bet as a critical molecule in MS
pathogenesis and as a potential indicator of therapeutic efficacy.

More recently, T-bet expression has been evaluated in clinical trials of new poten-
tial therapies for MS. Statins, 3-hydroxy-3-mehtylglutaryl coenzyme-A reductase
inhibitors that have traditionally been used to reduce cholesterol, have been found
to have immunomodulatory effects. Due to their widespread use and good safety
record, they have been evaluated in MS as potential therapies. In clinical trials, ex
vivo analysis revealed that MS patients on statins had reduced T cell proliferation,
reduced proinflammatory cytokine expression and reduced T-bet expression, as well
as significant clinical benefit to the patients (Peng et al. 2006).

Although there is evidence that T-bet levels correlate with disease activity and
treatment efficacy in MS patients, it is still unclear whether T-bet is aberrantly ex-
pressed in MS patients, perhaps making them more susceptible to proinflammatory
responses and the development of autoimmunity. MS patients have an increased inci-
dence of other Th1-mediated autoimmune diseases such as diabetes, thyroiditis, and
psoriasis, suggesting that they may possess a bias toward robust Th1 responses that
may make them susceptible to Thl-mediated autoimmune diseases (Roquer et al.
1987; Karni and Abramsky 1999; Sloka 2002; Annunziata et al. 2003; Nielsen et al.
2006). A comprehensive analysis of miRNA expression in naive CD4 T cells of MS
patients suggested that MS patients may have an inherent propensity to differentiate
into Th1 cells due to loss of miRNA-mediated regulation of genes in the Th2 pathway
(Guerau-de-Arellano et al. 2011). Since miRNAs negatively regulate gene expres-
sion, enhanced miRNA expression will result in decreased target gene expression.
It was found that MS patients have enhanced expression of miR-27, miR-128, and
miR-340 in CD4 T cells, resulting in decreased expression of Bmil, GATA3, and
IL-4. Since GATA3 and T-bet compete for lineage commitment during activation of
naive T cells, reduced GATA3 leads to a dominant Th1 response. This study sug-
gests that T-bet may be aberrantly expressed in CD4 T cells of MS patients due to
miRNA-mediated suppression of Th2-associated molecules.

Several studies found that T-bet and IFNy expression were also regulated by
miRNA (Ma et al. 2011; Steiner et al. 2011; Smith et al. 2012). IFNy induces the
expression of miR-29, as well as T-bet, in CD4 T cells (Smith et al. 2012). T-bet
directly regulates the expression of IFNy, committing the CD4 T cell to the Thl
lineage. However, miR-29 subsequently binds to the mRNA of T-bet and IFNy,
demonstrating that a negative feedback loop exists as an additional mechanism to
maintain a proper balance of IFNy and to dampen effector Thl responses appro-
priately following an inflammatory response. In resting memory, CD4 T cells of
MS patients, T-bet, and miR-29 levels are increased, compared to control subjects
(Smith et al. 2012). However, activation of MS patient memory CD4 T cells results
in a significant decrease in miR-29 levels indicating that the feedback loop between
miR-29 and T-bet/IFNy is dysregulated in MS patients. The diminished capacity of
miR-29 to regulate T-bet levels may be another mechanism that may promote chronic
inflammation in MS patients.
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3.7 1IsT-bet a Valid Therapeutic Target for Multiple Sclerosis?

The T-bet-regulated gene that has been studied the most extensively is IFNy. The
contradictory data on the role of IFNy in EAE and MS suggest that care must be taken
on how therapies may systemically alter IFNy levels. So is T-bet a valid therapeutic
target in light of the data of EAE when IFNYy is suppressed? The observation that
IFNy-deficient mice remained susceptible to EAE (Ferber et al. 1996), and often
had a more severe disease course than wild-type controls, led to caution about using
drugs that may dramatically effect IFNy levels. The EAE data in IFNy-deficient
mice and mice treated with antibodies to neutralize IFNy suggested the IFNy may
play a positive regulatory role in the disease course (Lublin et al. 1993; Ferber et al.
1996; Heremans et al. 1996; Willenborg et al. 1996). However, there were two small
clinical trials in MS patients that may suggest that inhibiting IFNy in humans may be
beneficial. In the 1980s, it was recognized that cytokines regulate immune responses
and it was hypothesized that IFNy may be beneficial in normalizing the aberrant
immune responses observed in MS patients. IFNy was administered to MS patients,
resulting in an increased number of clinical exacerbations in the patients (Panitch
et al. 1987). Subsequently, it was observed that IFNy induces apoptosis of human
oligodendrocytes, the cells that make myelin, and IFNy expression in MS lesions
colocalizes with apoptotic oligodendrocytes (Vartanian et al. 1995; Baerwald and
Popko 1998), suggesting that IFNy may play a role in the demyelination observed in
the CNS of MS patients. These observations led to a clinical trial in which an IFNy-
neutralizing antibody was administered to MS patients, resulting in a clinical benefit
(Skurkovich et al. 2001). Due to the contradictory data between mice and humans,
systemic blockade of IFNy has not continued in humans. However, the beneficial
observations in humans suggest that the Th1 pathway is a viable therapeutic target.

When T-bet is genetically deleted or when T-bet is suppressed systemically with
siRNA, mice are resistant to EAE induction, supporting T-bet as an effective thera-
peutic target (Bettelli et al. 2004; Lovett-Racke et al. 2004). Moreover, administration
of a T-bet siRNA after the onset of EAE suggests that T-bet is a potential therapeutic
target for established autoimmune demyelinating disease (Gocke et al. 2007). This is
a critical point since we cannot predict who will develop MS and, therefore, must de-
velop therapeutics that can prevent the development of autoreactive T cells, as well as
suppress the effector/memory T cells that are already mediating lesion formation in
MS patients. Furthermore, in MS patients treated with nonspecific immunomodula-
tory drugs, T-betis reduced in patients who have clinical benefit (Drulovic et al. 2009).

Although T-bet is expressed in most immune cells, its role in EAE appears to be
primarily mediated by CD4 T cells. In addition, T-bet regulates IFNy in CD4 T cells,
but does not appear to regulate IFNy expression extensively in other immune cells
(Szabo et al. 2000; Szabo et al. 2002). Therefore, suppression of T-bet does not result
in systemic loss of IFNy production and any positive effects of IFNy that may be
mediated by other immune cells would not be dramatically affected by suppression
of T-bet. Thus, targeting T-bet may have far fewer potential side effects compared to
global suppression of IFNy.



3 T-bet: A Critical Regulator of Encephalitogenic T Cells 63

T-bet and GATA3, the Th2- associated transcription factor, physically associate
and compete to dominate lineage-specific genes in order to generate Thl or Th2
cells (Hwang et al. 2005; Jenner et al. 2009). There is concern that suppression
of T-bet may make individuals susceptible to Th2-mediated diseases, since GATA3
will not be as tightly regulated in the absence of T-bet. T-bet-deficient mice develop
lung pathology consistent with allergic asthma (Finotto et al. 2002), a classic Th2-
mediated disease. However, in mice treated with a T-bet siRNA, no lung pathology
was observed, suggesting that diminishing T-bet expression, as opposed to complete
abrogation of T-bet, may not have the same outcome (Lovett-Racke et al. 2004).
The observation that MS patients have a decreased incidence of allergy and asthma
is evidence that their immune responses may be biased away from Th2 responses
(Bergamaschi et al. 2009; Pedotti et al. 2009). Thus, reducing T-bet expression in
MS patients may simply normalize immune responses such that proinflammatory T
cell effector functions are reduced, but not such that Th2- mediated diseases are a
real threat.

3.8 Conclusion

MS is a complex disease that involves both inflammation and neurodegeneration.
Since the inflammation appears to precede pathology and neurological deficits, a
tremendous amount of research has been devoted to understanding the inflammatory
process that is occurring at the site of lesion formation. In this quest, effector CD4
T cells have been found to be at the center of the immune response that results in
demyelination and axonal damage. Why and how CD4 T cells become programmed
to enter the apparently healthy CNS and mediate damage is unclear. However,
T-bet is one molecule that appears to be associated with the capacity of CD4 T
cells to cause CNS injury. Due to its relatively limited expression in humans, it may
be a viable therapeutic target for MS. In addition, defining the role of T-bet in gener-
ating encephalitogenic T cells and their effector functions provides insight into the
mechanisms that underlie the pathology of MS lesions.
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Chapter 4
Antigen-Presenting Cells in the Central Nervous
System

Nathalie Koning, Juan M. Ilarregui, Juan J. Garcia-Vallejo
and Yvette van Kooyk

The immune system employs a combination of innate and adaptive immune re-
sponses to detect and eliminate danger such as infiltrating pathogens or excessive
tissue destruction. Antigen-presenting cells (APC), such as dendritic cells (DC) and
Macrophages (M®), are crucial for initiating innate immune responses and process-
ing of antigen to facilitate adaptive T cell-mediated immunity. DC and M® arise
mostly from myeloid progenitors in that exit the bone marrow and populate the tis-
sues where they finish their differentiation and, in some cases, still replicate. While
both DC and M® function in antigen uptake, processing, and presentation, DC are
the most efficient in priming naive T cells and triggering antigen-specific effector T
cells. APC are localized in all peripheral tissues and act as a first line of defense by
sensing alterations in their microenvironment. In response to a pathogen or tissue
injury, DC travel to the draining lymph node where they arrive with a mature pheno-
type characterized by, among others, the upregulation of costimulatory molecules,
and the production of inflammatory cytokines. In the lymph nodes, DC are fully
capable of presenting antigens to naive T cells. Importantly, as they are delicate
sensors of their microenvironment, APC also control immunological homeostasis in
tissues, and can reduce excessive tissue destruction through an effective reduction
of immune activation. APC are thus highly versatile innate immune cells, depending
on the environmental signals, can either promote activation of inflammatory T cells
or dampen immune responses, for example, via the induction of regulatory T cells.
In this review, we focus on how APC in the central nervous system (CNS) exert
this dual function of keeping both immunologic silence as well as activation with a
specific focus on glycan-binding proteins.
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4.1 Antigen-Presenting Cells Modulate Adaptive Immunity

DC and M® have classically been classified as belonging to the innate immune sys-
tem but are crucial to trigger the adaptive immune system (Steinman et al. 2003; Sica
and Mantovani 2012). In adaptive immunity, T and B cell responses are generated
toward specific antigens and are long-lasting, resulting in T cell-mediated responses,
such as CD4™ T helper (Th) cells or CD8™ cytotoxic T cells, or antibody responses.
Intracellular and extracellular antigen captured and processed by DC can thus be
presented into MHC class 1 or II molecules, to prime CD8% or CD4" T cells, re-
spectively (Steinman et al. 2003; Steinman and Banchereau 2007; Banchereau and
Steinman 1998; Fig. 4.1).

Depending on the nature of the antigen they encounter, DC and M® respond
secreting a panel of cytokines that allow the differentiation of several types of Th
cell subsets that exhibit different effector functions (Fig. 4.1). Thus, secretion of
IL-12 by DC has shown to induce IFNy-producing Th1 cells, which are involved
in the clearance of intracellular pathogens. Secretion of IL-4 by DC results in the
differentiation of IL-4-producing and IL-5-producing Th2 cells, which are crucial in
the removal of extracellular pathogens and parasites. The production of IL-23 by DC,
on the other hand, results in the differentiation of IL-17-producing Th17, which are
necessary in the immunity against extracellular bacteria and have been implicated
in autoimmune diseases (Idoyaga et al. 2011; Galea et al. 2005; Stockinger and
Veldhoen 2007; Jadidi-Niaragh and Mirshafiey 2011; Zygmunt and Veldhoen 2011).
In contrast, the induction of regulatory T cells (Tregs) by DC has been shown to
lead to the inhibition of immune responses, and therefore is crucial to control the
balance of autoreactive effector T cells and to dampen excessive immune responses
(Bacchetta et al. 2005; Fig. 4.1).

The innate immune response lacks antigen specificity, diversity, and memory and
is triggered in response to a wide variety of antigens. For the recognition of danger
(Matzinger 2002)—pathogens or inflammatory mediators—APC are equipped with
pathogen recognition receptors (PRR) that recognize specific structures expressed on
pathogens, also known as danger signals, or pathogen-associated molecular patterns
(PAMPs). So far, nine families of PRRs have been identified, and the most studied
are Toll-like receptors (TLRs) (Medzhitov and Janeway 2000a; b), nucleotide-
binding oligomerization domain (NOD)-like receptors (NLRs) (Fritz et al. 2007;
Fritz et al. 2005), retinoic acid-inducible gene 1 (RIG-I)-like receptors (RLRs)
(Stancic et al. 2011; Heine 2011; Loo and Gale 2011), and C-type lectin receptors
(CLRs) (van Kooyk and Geijtenbeek 2003). Upon pathogen recognition, signal-
ing is initiated through NF-kB, MAP kinase, and interferon regulatory factor (IRF)
pathways that lead to the transcriptional and posttranslational upregulation of gene
transcripts encoding inflammatory cytokines, including IL-6, TNFa, IL-12, and IL-
23. Some TLRs, such as TLR1, TLR2, TLR4, TLRS, and TLR6, are exclusively
located at the cell membrane and recognize PAMPs located on the exterior of the
pathogen. In contrast, other TLRs (TLR3, TLR7, TLRS, and TLR9) are located in en-
docytic compartments, where they are able to recognize RNA and unmethylated CpG
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Fig. 4.1 Dendritic cells (DC) are crucial players in directing T cell responses. Innate recognition of
pathogens and antigens by DC leads to processing and presentation of antigen to CD4 and/or CD8
T cells. The combination of innate receptors involved in the recognition of antigen determines the
differentiation program of T cells that DC instruct. Depending on specific cytokines DC produce,
CDA4 T cells can differentiate into Th1, Th2, Th17, or Treg

DNA, for which internalization and partial degradation of the pathogen is required.
Endogenous ligands, like heat shock proteins, have been described for TLRs as well
(Ohashi et al. 2000). These proteins can be aberrantly expressed upon stress and/or
released after necrosis. Also, NLRs are located in the cytosol and are involved in the
recognition of microbial motifs as well as endogenous danger signals. Some NLRs
participate in the induction and activation of the inflammasome, which is necessary
for the production and secretion of mature IL-1p (Hanamsagar et al. 2012).

CLRs constitute a different group of PRRs that is characterized by a common fea-
ture, the presence of a C-type lectin domain (CTLD) in their amino acid sequence, a
domain that mediates the recognition of glycans in a Ca>*-dependent manner. Upon
ligation, some receptors have the ability to, besides triggering ligand internalization,
elicit an intracellular signaling cascade (Appelmelk et al. 2003; Figdor et al. 2002;
Mitchell et al. 2001; Drickamer 1999; Gringhuis et al. 2007). An interesting aspect of
CRL signaling is that it interferes with TLR signaling. This interference, or receptor
cross-talk, often alters the cytokine secretion profile. In the case of dendritic cell-
specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) signal-
ing, cross-talk results in an enhancement in IL-10 production with a simultaneous
lowering of IL-12 production (Geijtenbeek et al. 2000a, b; Gringhuis et al. 2009).

Although CLRs are known as PRRs that respond to glycosylated antigens de-
rived from pathogens, they also recognize glycosylated self-antigens and are also
considered mediators of immune homeostasis (van Kooyk and Geijtenbeek 2003;
Rabinovich and Toscano 2009; Geijtenbeek et al. 2004; van Kooyk and Rabinovich
2008; Garcia-Vallejo and van Kooyk 2009). APC can express a large variety of
CLR, of which DEC-205, DC-SIGN, macrophage galactose lectin (MGL), Man-
nose receptor (MR), and Clec9A are the best characterized. The glycan recognition
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and the exact ligand specificity of Dec205 (CD205) is not known, but those of
DC-SIGN (CD209), MGL (CD301), CLEC9A, and MR (CD206) are described in
detail (Steinman et al. 2003; Sica and Mantovani 2012; Steinman and Banchereau
2007; van Kooyk and Geijtenbeek 2002; Appelmelk et al. 2003; Zhang et al. 2012;
Brown 2012; van Vliet et al. 2008; Chieppa et al. 2003; McKenzie et al. 2007). Dif-
ferent APC subsets may vary in the set of TLRs, NLRs, or CLRs they express. The net
result in this receptor variability allows the recognition of distinct sets of pathogens
and confers the ability to respond differently to pathogens and microenvironmental
changes.

4.2 Glycan-Binding Receptors

Within the immune system, various classes of glycan-binding receptors (lectins)
exist that recognize specific glycoconjugates (polysaccharides, glycolipids, proteo-
glycans, and glycoproteins). These receptors can either be secreted or found on
the cell surface of immune cells. Where galectins are secreted, most C-type lectins
are membrane-bound proteins. All these lectins contain one or more carbohydrate-
recognition domains (CRDs) responsible for glycan binding (van Kooyk and
Rabinovich 2008; Rabinovich et al. 2012).

Galectins, a highly conserved family of p-galactoside-binding lectins, recog-
nize N-acetyllactosamine (LacNAc) on N-glycans and O-glycans on cell surface
and matrix glycoproteins (van Gisbergen et al. 2005; Rabinovich and Croci 2012;
Yang et al. 2008; Zhu et al. 2005). In addition, they regulate signal transduction and
pre-mRNA splicing in a carbohydrate-independent fashion(McKenzie et al. 2007;
Martinez-Pomares et al. 2006; Anderson et al. 2007; Liu et al. 2002). Through ligand
binding, galectins induce the retention of their ligands at the cell surface, thereby
increasing their responsiveness to extracellular inputs and prolonging intracellular
signaling (Stancic et al. 2011; Rabinovich and Toscano 2009; Burgdorf et al. 2006;
Singh et al. 2011). Some galectins, such as Gal-1 and Gal-3, are distributed in a wide
variety of tissues (van Kooyk and Rabinovich 2008; van Vliet et al. 2007). In the
immune system, galectins are mostly expressed by activated (but not resting) T and
B cells, and they are significantly upregulated in activated M®, DC, and Tgeg cells.

CLRs are Ca?*-dependent carbohydrate-binding proteins and consist of a large
and diverse family of receptors. Several of these C-type lectins (the natural killer
(NK) cell receptor-like family) do not have classical CRD and thus are not involved
in protein—glycan interactions(Zelensky and Gready 2005). However, most CLRs
are glycan-binding receptors as they carry one or more CRD regions. C-type lectins
can be divided into two categories on the basis of an amino acid motif involved in
glycan recognition and coordination of the Ca?>* ion. The mannose-specific CLRs
(e.g., DC-SIGN and MR) contain an EPN (Glu-Pro-Asn) amino acid motif and have
specificity for glycans bearing terminal mannose and/or fucose residues. In contrast,
galactose-specific CLRs (e.g., MGL) contain a QPD (GIn-Pro-Asp) motif in the
CRD and recognize glycans carrying terminal galactose or N-acetylgalactosamine
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Fig. 4.2 Expression and variety of C-type lectins on antigen-presenting cells (APC)

(GalNAc). The type II subfamily of CLR, of which 17 members have been cloned
in human, is mainly restricted APC, such as M® and DC.

Although a diverse range of CLRs is present on DC (Fig. 4.2), other cells of the
immune system express CLRs as well. These include both the carbohydrate-binding,
calcium-dependent CLRs as well as other receptors with a CTLD. On DC, both type
I and type II CLRs are found. The type I CLRs have their N-terminus extracellular
and contain multiple CRDs. In contrast, type II CLRs have only one CRD and their
C-terminus extracellular (Figdor et al. 2002; van Vliet et al. 20064, b).

On DC, CLRs have been shown to perform different function upon ligation of
their glycan ligands. Besides recognition of glycan PAMPs on pathogens, CLRs can
internalize glycan-carrying antigens and route them into MHC-I or MHC-II loading
compartments (Idoyaga et al. 2011, Singh et al. 2011; van Vliet et al. 2006a, b;
Bozzacco et al. 2007; Unger et al. 2007). Furthermore, some CLRs have been shown
to mediate cell—cell interactions. For example, DC-SIGN is able to bind ICAM-3 on
T cells (Geijtenbeek et al. 2004; Ginhoux et al. 2010) or ICAM-2 on endothelial cells
(Garcia-Vallejo et al. 2008) and thereby contribute to the interaction between DC and
T cell, needed for efficient T cell activation, and DC migration. Lately, ligand-induced
signaling has also been shown for CLRs (Gringhuis et al. 2009; Nimmerjahn et al.
2005). CLRs with signaling properties can be divided in four groups: the hemITAM
group that is able to signal via an ITAM-like motif in the intracellular tail, an ITAM-
coupled group that needs association to an ITAM-containing adaptor protein, which
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conducts the signal inside the cell, a group with an intracellular ITIM, and finally a
group that lacks obvious signaling motifs (Schafer et al. 2012; Sancho and Reis e
Sousa 2012). Even though most Ca?*-dependent carbohydrate-binding CLRs belong
to the latest group, they have been reported to modify TLR signaling.

4.3 Dendritic Cell-Specific Intercellular Adhesion
Molecule-3-Grabbing Non-integrin, Mannose Receptor,
and Macrophage Galactose Lectin

CLRs such as DC-SIGN, MR, and MGL are highly expressed on immature DC and
on various M®. Maturation of DC often leads to a reduced expression of these lectins,
indicating that their main function is in the innate recognition of antigen. Primarily,
MGL is often upregulated on tolerogenic DC, illustrating a potential role for MGL
to silence immune responses (van Vliet et al. 2006a, b; Koning et al. 2007; van Vliet
et al. 2006a, b; Koning et al. 2009a, b; Mott et al. 2004).

One of the best characterized CLRs on DC is DC-SIGN. DC-SIGN is expressed
mainly on DC and on a few types of M®(Geijtenbeek et al. 2000a, b; Davoust et al.
2008). There is no DC-SIGN expression found on other cells of the immune system.
DC-SIGN has an EPN motif in the CRD and binds to both high mannose and fucose-
containing glycans (e.g., Lewis-type glycans, a glycan structure consisting of one
or two terminal fucoses on a (neo)lactosamine backbone) (Appelmelk et al. 2003;
Mitchell et al. 2001). Several ligands for DC-SIGN have been described after the ini-
tial discovery of DC-SIGN binding to HIV and ICAM-3 (Geijtenbeek et al. 2000a, b).
DC-SIGN ligands are present on various pathogens, such as viruses, bacteria, yeasts,
and parasites (van Kooyk and Geijtenbeek 2003). However, DC-SIGN also in-
teracts with different endogenous ligands. Adhesion molecules like ICAM-2, on
vascular and lymphoid endothelium and Mac-1 and CEACAM-1 on neutrophils
have been described to bind strongly to DC-SIGN (van Kooyk and Geijtenbeek
2008; Garcia-Vallejo and van Kooyk 2009). Moreover, self-glycoproteins present
in tumor-associated tissues, such as carcinoembryonic antigen (CEA) in colon can-
cer (van Gisbergen et al. 2005), or MOG in healthy brain tissues (Garcia-Vallejo
et al. submitted), show binding activity to DC-SIGN. The diversity of DC-SIGN
ligands is reflected in the different functional outcomes of ligand binding. Binding
to cell-associated glycoproteins results in cell adhesion, while uptake of glycosylated
antigen leads to presentation of antigen in MHC-I and MHC-II molecules, favoring
CD8*-mediated and CD4"-mediated T cell responses (Singh et al. 2011; Burgdorf
et al. 2008; Singh et al. 2009). Also, a signaling function has been described for
DC-SIGN in relation to the specific carbohydrate it recognizes (Gringhuis and Gei-
jtenbeek 2010). While mannose-type DC-SIGN-binding glycans induce more an
inflammatory profile of cytokines IL12p70 and IL-6, the fucose-containing ligands
like LewisX established a reduced production of inflammatory cytokines, while pro-
moting the production of the anti-inflammatory cytokine IL-10. Mannose-dependent
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DC-SIGN signaling resulted in the activation of the kinase Raf-1, while signaling
via fucose glycans was independent of Raf-1 (Gringhuis et al. 2009).

Although MR has a different glycan specificity than DC-SIGN, both CLRs also
have an overlapping glycan recognition, mainly regarding mannosylated structures
(McKenzie 2007; Martinez-Pomares et al. 2006). Similar to DC-SIGN, MR has been
demonstrated to mediate antigen internalization and endocytic routing for presenta-
tion to CD4" and CD8™" T cells (Burgdorf et al. 2006; Singh et al. 2011). Although
self-glycoproteins have also been shown to interact with MR and anti-inflammatory
cytokines are triggered, little is known on the exact signal transduction pathway
triggered.

Distinct from DC-SIGN and MR, MGL recognizes glycans containing terminal
GalNAc. MGL has been demonstrated to recognize several pathogens that expose
these glycans, such as various bacteria and helminths (van Vliet et al. 2007). Also,
MGL recognizes self-glycoproteins, such as MUC1, CD43, and CD45 (van Vliet
et al. 2006a, b; Saeland et al. 2012). Triggering of MGL upon ligand binding has
shown to induce an anti-inflammatory pathway by production of IL-10, whereas
binding of MGL to the glycans on the phosphatase CD45 results in the inhibition of
effector T cell function by reducing T cell proliferation, and inducing T cell death,
implicating (van Vliet et al. 2006a, b) that MGL has an anti-inflammatory function
(van Vliet et al. 2006a, b). Conclusively, CLRs are functionally diverse molecules
but have in common that they modulate the outcome of the immune response.

4.4 Antigen-Presenting Cells in the Central Nervous System

The successful initiation of immune responses by the adaptive immune system is
crucial for survival of the host. However, a sensitive organ like the CNS needs a shelter
againstinflammatory damage to protect its cells that generally have a low regenerative
capacity. Several strategies have evolved, such as a lack of conventional lymphatic
system and the presence of a blood-brain barrier that limits the infiltration of immune
cellsinthe CNS. Although the CNS is considered to be “immune privileged,” this does
not mean that the CNS is immunologically unresponsive. In fact, the CNS contains
many APC that are able to respond to danger stimuli, but yet they are equipped with
molecules to control overt responses. Therefore, CNS APC are considered highly
important in actively maintaining immune homeostasis. Different populations of
myeloid cells in the CNS have been described: microglia, CNS-associated myeloid
cells, and in some pathological conditions, CNS-infiltrating myeloid cells.

4.4.1 Microglia

Microglia are the brain-resident M® and are scattered throughout the CNS
parenchyma, both in gray and white matter. The origin of microglia is widely
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debated, but recent murine studies suggest that microglia do not derive from pre-
cursors in the bone marrow, but rather from yolk sac M® that migrate into the
CNS early in embryogenesis (Ginhoux et al. 2010). Also, turnover is not influenced
by bone marrow-derived M®, but seems controlled by self-renewal within the CNS
(Ajami et al. 2007). Microglia are small, ramified cells and have an immunologically
quiescent phenotype. They closely resemble M® by sharing cell surface markers like
CD11b and CD14 and have similar phagocytic capacity that allows them to take up
material, such as myelin, from their environment. However, with low expression of
MHC-II in the steady state, they do not exert substantial antigen-presenting prop-
erties. Despite their resting state, the fine cellular processes of microglia are highly
motile and continually survey the microenvironment (Nimmerjahn et al. 2005). Mi-
croglia are essential in the development of the CNS by eliminating redundant synaptic
connectivity through selective removal of developmental synapses via complement
receptor 3 (Schafer et al. 2012). By further removal cellular debris, microglia can
maintain CNS homeostasis. The CNS is extremely rich in expression of immune sup-
pressive molecules such as CD200, CD47, and CD22 (Koning et al. 2007; Koning
et al. 2009a, b; Mott et al. 2004) and soluble factors like TGFP and prostaglandin, of
which receptors are expressed on microglia. The strong interplay between microglia
and other CNS cell types such as neurons, oligodendrocytes, and astrocytes via these
molecules protects the CNS against disproportionate immune responses, by provid-
ing a high threshold for immune activation. Recently, it was shown that microglia
express CLRs like MGL and DC-SIGN that stimulate anti-inflammatory cytokine
production following interaction with its ligand expressed on myelin (Garcia-Vallejo
etal. submitted), further supporting the function of microglia in immune homeostasis
in the CNS.

Despite stringently controlled activation mechanisms, microglia are the first cells
to rapidly respond to environmental changes caused by injury or inflammation
(Davoust et al. 2008). Upon activation, they change to an amoeboid phenotype
by retracting their protrusions, proliferate, and adopt a M®-like morphology and
phenotype by an upregulation of MHC-II, and by the production of inflammatory
cytokines and nitric oxide. However, TLR4-dependent activation of microglia re-
veals unique responses because they fail to upregulate molecules like TNFa and the
chemokine receptor CCR7 (Clarkson et al. 2012; Melief et al. 2012), differentiating
them from M® and stressing their homeostatic function.

Only in certain circumstances, immune activation can exacerbate, resulting in
uncontrolled inflammation, such as seen in multiple sclerosis (MS). MS is a chronic
demyelinating disease, characterized by activated and infiltrated leukocytes causing
lesions throughout the brain. The etiology of MS remains unknown and it is debated
whether it involves brain parenchymal factors or an initial peripheral event. However,
in the MS brain, activated clusters of microglia are detected that may represent the
earliest stage of lesion formation, they predominate in expanding MS lesions and
may even have a higher capacity to phagocytose myelin compared to M® (Hatterer
et al. 2008; Durafourt et al. 2012). With respect to T cell activation, it is not yet
clear whether microglia are involved in the initial T cell activation or rather in the
perpetuation of CNS inflammation. Although CNS antigens have been detected in
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the cervical lymph nodes, no studies have been reported that microglia can migrate
to these lymph nodes. Despite upregulation of MHC-II upon microglia activation,
the levels of costimulatory molecules remain low, making them poor activators of
naive T cells. It is therefore more likely that microglia aid in the reactivation of T
cells after their infiltration into the CNS.

4.4.2 Central Nervous System-Associated Myeloid Cells

In contrast to microglia, CNS-associated APC are strategically located at the bound-
ary between the CNS and the periphery, and are found in the meninges, the
perivascular (Virchow-Robin) space of cerebral blood vessels between the endothe-
lial vessel lining and the glia limitans, and in the choroid plexus. The highly
vascularized choroid plexus is a structure in the cerebral ventricles that produces
and secretes cerebrospinal fluid (CSF). CSF circulates from the ventricles through
Virchow-Robin areas and the subarachnoid space, thereby bathing and buffering the
CNS. Thus, CNS-associated APC are in close contact with CSF. Of note, we re-
fer to this population as CNS-associated myeloid cells, but as this population has
not yet been characterized in detail, it may very well represent different subsets
of myeloid cells, including M® and perhaps DC, with separate specific immune
functions (Fabriek et al. 2005; Ransohoff and Cardona 2010; de Vos et al. 2002;
Ransohoff 2011). With eminent amounts of scavenger receptors, CLRs, MHC-II
as well as costimulatory molecules expressed on their cell surface, CNS-associated
APC scavenge substances derived from the CNS or from the circulation (Chamorro
et al. 2009; Mato et al. 1996) and are capable of antigen presentation (Hickey and
Kimura 1988). Their unique position bridges the CNS and the periphery, while assist-
ing in the control of innate and adaptive immune responses. They generally express
immune inhibitory and modulatory molecules, such as CD200R, MR, DC-SIGN,
and CD163, by which they are ascribed to participate in immune surveillance and
homeostasis (Gross et al. 2012; Koning et al. 2009a, b). Considered the gatekeepers
of the brain, they monitor and respond to local changes in the microenvironment.
Interestingly, CNS M® are likely the first cells that leukocytes encounter when
infiltrating the brain in MS and several lines of evidence point to an important role for
these cells in facilitating inflammation, despite their homeostatic function in physi-
ological conditions. Depriving the brain of M® by injecting clodronate-containing
liposomes in the fourth ventricle of rat brains, ameliorated clinical signs of exper-
imental autoimmune encephalomyelitis (EAE), the animal model for MS (Polfliet
et al. 2002). Previously, Tran et al. showed that in the absence of M®, also by
administration of clodronate-containing liposomes, leukocytes accumulated in the
leptomeninges and perivascular spaces, but did not infiltrate the brain (Tran et al.
1998). The meninges of MS patients appeared to contain many T cells that are
closely associated with meningeal APC (Androdias et al. 2010). Recent findings
by Bartholomaus et al. extend these findings by imaging the initial event in EAE
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(Bartholomius et al. 2009). Following diapedesis of T cells into the meningeal ablu-
minal vascular surface, mediated by adhesion molecules such as LFA-1 and VLA-4,
T cells strongly interact with meningeal APC before invading the brain parenchyma.
Indeed, it has been shown that CD11c¢™ CNS myeloid cells, but neither microglia nor
cells from the lymphoreticular system, are required for T cell invasion during EAE
(Greter et al. 2005), thereby demonstrating that the contact between CNS-associated
APC and T cell is, in fact, crucial in the development of neuroinflammation. The
extensive interactions of infiltrating T cells with APC takes place in the subarach-
noid space in the meninges, but also in the choroid plexus as recently published by
Reboldi et al. (2009). They showed that the chemokine receptor CCR6 expressed
on Th17 cells mediates the migration of T cells via its ligand CCL20 expressed on
the choroid plexus epithelium. Mice lacking CCR6 were resistant to EAE because
T cells accumulated in the choroid plexus, but failed to infiltrate the brain. These
studies greatly enhance our understanding of the multifactorial processes of T cell
diapedesis, CNS-associated APC-T cell interaction, and tissue invasion during brain
inflammation. Although CNS-associated APC have a detrimental role in this process,
the exact mechanism needs to be clarified, but likely involves presentation of foreign
as well as self-antigens, such as myelin, and the production of mediators that trigger
the inflammatory cascade. In addition, CNS-associated (subsets of) APC express
DC-SIGN and MGL (unpublished data), and in contrast to microglia, also high lev-
els of MR (Fig. 4.5). Given the immune modulatory properties of CLRs, depending
on environmental antigens, it is highly interesting to understand their involvement
in this process as well, as will be discussed later.

4.4.3 Inflammatory Central Nervous System-Infiltrating
Myeloid Cells

During brain inflammation, infiltrating myeloid cells are found in the CNS. Within
(chronic) active MS lesions, these cells are considered inflammatory monocytes
that differentiate into M®, but are, in fact, indistinguishable from activated mi-
croglia. Also, the population of CNS-associated APC in the perivascular area, choroid
plexus, and meninges expands with infiltrating myeloid cells, which, similar to
CNS-associated cells, may contain multiple subsets. As such, nomenclature of this
population varies in literature from infiltrating monocytes/M® and DC. Often, the
distinction between M® and DC is based on the expression of CD11b/CD11c, but
although these markers show higher expression on M® versus DC, they are not en-
tirely M®- specific and DC-specific. However, while infiltrating M® in MS mainly
phagocytose myelin, DC may primarily function in T cell (re)activation.
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4.5 Central Nervous System Antigen-Presenting Cells in
Priming and Reactivating T Cells in Autoimmune Disease

Given the fact that DC are the most effective APC, many studies have been performed
to analyze whether in the brain DC derive from CNS precursors or rather infiltrate
from the periphery. Within the context of CNS inflammation, it seems that DC in
the brain are from bone marrow origin and therefore are derived from the periph-
ery. Myeloid DC were found throughout the cerebellum and spinal cord (Kaunzner
et al. 2012), as well as in meninges and parenchymal lesions in MS patients and in
the CSF, where they express high levels of costimulatory molecules and CCR7, a
chemokine receptor associated with DC maturation (Medzhitov and Janeway 2000a,
b; Greter et al. 2005; Olson and Miller 2004). A well-established way of modeling
aspects of MS is the induction of EAE by subcutaneous injection of fragments of
myelin proteins (e.g., MOG or MBP), along with immunogenic boosters. Usually,
around day 10 after immunization, motor weakness develops due to leukocyte ac-
cumulation in the spinal cord and inflammation, directed by myelin-specific T cells
that are generated by myelin APC. Although the mechanisms to activate naive T cell
responses are well-studied, little is known about the APC requirements to reacti-
vate fully primed T cells. A second way of inducing EAE is the adoptive transfer
of myelin-specific CD4" Th cells. Using this model, it was demonstrated that mi-
croglia and peripheral APC have been excluded to play a role in T cell reactivation,
but a population CNS-associated APC was postulated to present the cognate antigen
to these activated T cells (Galea et al. 2005; Fritz et al. 2007; Stancic et al. 2011;
Fabriek et al. 2005; Greter et al. 2005). Based on these studies, it is currently thought
that DC can migrate as immature cells to the CNS, where they can further mature
to reactivate infiltrating T cells. The question still remains whether maturated DC in
neuroinflammation primarily reactivate infiltrating T cells, or whether they are also
able to prime naive T cells.

As part of its immune privileged status, the CNS lacks a conventional lymphatic
system. Nevertheless, afferent immunity is intact as many studies suggest that anti-
gens and cells from the CNS migrate to the cervical lymph nodes, although the
mechanisms are as yet unclear. For example, antigens injected into the mouse CNS
were taken up and processed by CNS-associated APC and resulted in specific im-
mune responses in the cervical lymph nodes (Cserr and Knopf 1992; Cserr et al.
1992; Karman et al. 2004). Indeed, intracerebrally injected labeled mature DC as
well as CSF-circulating DC were shown to migrate to cervical lymph nodes in mice
(Hatterer et al. 2008; Karman et al. 2004). These processes are of utmost impor-
tance in brain inflammatory conditions such as MS. DC present in the meninges
and perivascular space can efficiently present myelin (van Zwam et al. 2009, 2011;
Kooi et al. 2009). This indicates that the afferent immunity is intact in the CNS
and that antigens drain or traffic to the cervical lymph nodes. Mature DC injected
i.c. have been shown to migrate to cervical lymph nodes in a CCR7-dependent and
CXCR4-dependent manner. CNS-infiltrating DC are crucial for the local restimula-
tion of encephalitogenic effector T cells (Clarkson et al. 2012; Hatterer et al. 2008)
and may be further routed to the cervical lymph nodes. Here, APC have indeed been
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shown to contain CNS antigens although this was not only observed in MS patients
but in healthy subjects as well (Boven et al. 2006). Interestingly, differences in in-
flammatory status of APC have been observed depending on whether the cells were
loaded with neuronal or myelin antigens (van Zwam et al. 2009). Thus, it is likely
that during neuroinflammation, CNS-associated APC and infiltrating DC are crucial
for local restimulation of encephalitogenic effector T cells (Heine et al. 2011; Loo
and Gale 2011; Clarkson et al. 2012; Leteux et al. 2000) directly in the CNS, as well
as in the cervical lymph nodes (Hatterer et al. 2008) to prime naive T cells. However,
the mechanisms of migration as well as details on types of immune responses that
are elicited in these lymph nodes need to be illuminated.

4.6 Immune Modulatory Effects of C-Type Lectins on
Antigen-Presenting Cells in the Central Nervous System

Although the cause of MS is unknown, it is believed that once established, immune
reactions against the CNS contribute to the significance of the disease progression. In
particular, APC ingest debris from the damaged CNS tissue and process this material
to antigenic fragments for presentation in MHC-I and MHC-II molecules in the
context of costimulatory molecules and activate naive T cells in the cervical lymph
nodes (Ohashi et al. 2000; Fabriek et al. 2005; de Vos et al. 2002; Chavele et al. 2010),
which differentiate in proinflammatory Th1 and Th17 cells or reactivate T cells upon
CNS infiltration. Apart from priming naive T cells, DC are also crucial in the control
of homeostasis or the active inhibition of T cell-mediated immune responses by
the induction of Tgegs. In this respect, DC have the capacity to vigorously eliminate
activated T cells by the induction of apoptosis or anergy. The balance between effector
T cells and Tregs is driven by signals that DC receive from their environment to
differentiate into an inflammatory or anti-inflammatory phenotype. In particular,
exogenous factors, a reflection of the microenvironment, may play a crucial role
in the DC differentiation program. In fact, there is ample evidence that DC can
dampen inflammatory responses such as in EAE. IL-10, TGF-p, dexamethasone,
and VitD3 have been shown to induce tolerogenic DC (Hanamsagar et al. 2012;
Chamorro et al. 2009; Chavele et al. 2010) that in EAE models reduces the capacity
to stimulate inflammatory T cells in spinal cords (Stancic et al. 2011; Ilarregui
and Rabinovich 2010). Whereas injection of mature MOG- loaded DC prior to the
induction of EAE decreases the frequency of Tgeg infiltrating the brain and increases
the activation of CNS-infiltrating T cells, which is associated with the acceleration
of clinical symptoms of EAE. Ex vivo-generated tolerogenic DC have been shown to
reduce EAE symptoms by inducing a higher frequency of Tregs and the production
of IL-10 and TGF- (Zhang et al. 2012; Brown 2012; Rabinovich and Croci 2012;
Gross et al. 2012; Raich-Regué et al. 2012). These studies indicate that peripheral
injection of DC and the functional status of DC, being immunogenic or tolerogenic,
is crucially affecting the type of DC that infiltrate the brain that can either increase
CNS inflammation and cause damage or reduce brain CNS inflammation and allow
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tissue remodeling. In line with this, a schistosoma glycan, Lacto-N-fucopentaose III,
was recently shown to reduce EAE severity and CNS inflammation by skewing the
peripheral immune response to a Th2-dominant profile, increasing the population
of IL-10-producing T cells, suppressing inflammation, while reducing the migration
of DC to the CNS (Zhu et al. 2012). The schistosoma glycan, carrying Lewis*-like
structures, can be recognized by the CLR DC-SIGN and may negatively affect TLR
signaling, leading to an anti-inflammatory phenotype of DC (Zhu et al. 2012).

Also, the recognition of the microenvironment, by CLRs in particular, is in-
volved in the active suppression of DC activation upon recognition of ligands in
their environment. Therefore, interactions of lectins with glycans are important in
the homeostatic control by APC, a mechanism that is important in the healthy brain,
but yet seems to fail in neuroinflammation.

4.6.1 Macrophage Galactose Lectin

MGL is a CLR mostly expressed by M® DC and mediates interactions with ligands
on T cells via recognition of specific carbohydrate structures. Expression of the CLR
MGL on tolerogenic APC provides a mechanism by which these cells control the
inflammatory nature of effector T cells, by MGL dampening of the proinflammatory
phenotype of T cells and the induction of T cell death. MGL thus provides an intrinsic
mechanism that individually contributes to the resolution of inflammatory settings
to dampen excessive immune responses. MGL is expressed on microglia in the brain
as well as on DC in the cervical lymph nodes. Expression of MGL is increased dur-
ing inflammatory condition within the brain. Moreover, the regulatory functions of
MGL on APC are dictated by the presence of terminal GalNAc-exposing antigens
that interact with MGL. MGL has shown to be a Th2-skewing receptor upon inter-
action with terminal GalNAc-containing pathogens. Binding of MGL has shown to
lead to intracellular triggering events that lead to IL-10 induction and T cell anergy
(van Vliet et al. 2008).

While MGL is both associated with a tolerogenic function in APC and has the
capacity to generate a tolerogenic immune profile by altering the cytokine profile of
DC to induce Tregs, it is also involved in the recognition of glycan epitopes exposed
on the phosphatase CD45 on effector T cells (van Kooyk and Rabinovich 2008; van
Vliet et al. 2006a, b). Effector T cells present at the active phase of EAE or present
in MS patients showed a higher frequency of MGL binding due to the glycosylation
of CD45. MGL binding to this effector T cell population results in increased T cell
death and a reduced T cell proliferation, illustrating an active role of MGL to dampen
immune inflammation (Fig. 4.3).
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Fig. 4.3 Dual function of antigen-presenting cells (APC) on control of immune homeostasis in
the central nervous system (CNS). By sampling glycosylated microenvironmental proteins such
as myelin APC use C-type lectin receptors (CLR) to take up antigen for degradation. In healthy
situation, these antigens induce homeostatic immune control by silencing effector T cells such as
CD4 (Th) and CD8 T cells (CTLs) through enforcing the frequencies of Treg. In the situation of
danger and the simultaneous reduction of inhibitory signals from the microenvironment due to
altered glycosylation or loss of myelin uptake by APC, the frequency between Treg and effector T
cells is out of balance, resulting in the clonal expansion of Th and CTLs to develop autoantibodies
and CTLs to attack CNS tissues

4.7 Dendritic Cell-Specific Intercellular Adhesion
Molecule-3-Grabbing Non-integrin

Other CLRs on APC, such as DC-SIGN, have shown to play a role in the control of
immune homeostasis (Rabinovich and Toscano 2009; Geijtenbeek et al. 2004; van
Kooyk and Rabinovich 2008; Garcia-Vallejo and van Kooyk 2009). Although DC-
SIGN recognizes many pathogens that expose carbohydrates, also self-glycoproteins
have been described for this receptor. Interaction of these self-glycoproteins-carrying
DC-SIGN ligands with DC-SIGN on DC results in antigen uptake (when the ligands
are soluble), or contribute to adhesion interactions between cells (when the ligands
are membrane-bound) (van Kooyk and Geijtenbeek 2002; Rabinovich and Toscano
2009). DC-SIGN has been shown to contribute to an anti-inflammatory signaling
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Fig. 4.4 Function of the C-type lectin receptors (CLR) MGL and Gall on tolerogenic antigen-
presenting cells (APC) to suppress effector T cell function. MGL expressed on tolerogenic dendritic
cells (DC) interact with unique glycosylated forms of CD45 expressed on effector T cells. Binding
of MGL to the phosphatase CD45 reduces the proliferation of T cells, increases T cell death, and
reduces the production of proinflammatory cytokines of effector T cells. Similar as MGL, secretion
of Gall by tolerogenic DC binds CD45 on effector T cells and induces similar reduction of effector
T cell function as MGL

circuit triggering IL-10 production depending on the type of glycan structure
(mannose/fucose) that binds to the CRD.

CNS myelin is a highly glycosylated structure. Glycans can be found on several
glycoproteins (e.g., MOG and MAG) and on glycolipids, such as cerebrosides. These
glycan structures may potentially interact with CLR-expressing APC during the sam-
pling of their microenvironment and contribute to the control of immune homeostasis.
Thus, we can refer to the glycosylation status of myelin during homeostasis as a
healthy glycosylation status. Glycosylation is very sensitive to extracellular cues
and many stimuli have shown to affect the relative composition of the glycosylation
machinery. Among the multiple stimuli known to affect glycosylation is inflamma-
tion (Delmotte et al. 2002; Garcia-Vallejo et al. 2006), and thus, it is logical to
postulate that the healthy glycosylation state of CNS myelin may become altered
during local inflammation. The alteration of the glycosylation of glycoproteins and
glycolipids in myelin may modify the recognition of myelin ligands by CLRs on CNS
APC, which consequently could result in the loss of the strength of the immunoreg-
ulatory signaling controlling immune homeostasis in the CNS (Fig. 4.4). Microglia
are CNS-based APC that continuously evaluate local changes in the CNS to activate
the peripheral immune system during injury (Rabinovich and Toscano 2009; Olson
and Miller 2004) or help maintain homeostasis in healthy conditions. On the other
hand, also peripheral infiltrating APC present in the perivascular space, the meninges
or the choroid plexus can sample CNS tissue in their microenvironment, and may
induce inhibitory or stimulatory signals through interaction with incoming T cells.

4.7.1 Mannose Receptor

Also, MR is highly expressed on CNS-associated APC, M®, but not on mi-
croglia (Galea et al. 2005; Fabriek et al. 2005; Fig. 4.5). Similar to DC-SIGN,
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Fig. 4.5 Expression of the CLR MR on antigen-presenting cells (APC) in human central nervous
system (CNS). Immunohistochemical staining shows MR expression on perivascular cell in the
white matter (a), on irregular shaped cells within the choroid plexus (b), and in the meninges (c).
Tissues are derived from human donors with nonneurological disease. Nuclei are stained in blue.
Magnification x 20

MR recognizes carbohydrate structures for presentation to T cells. MR has two
carbohydrate-binding domains. One of the CRD binds terminal mannose, fucose,
and N-acetyl-glucosamine while the cystein-rich domain binds terminal sulfated N-
acetyl-galactosamine, chondroitin sulfates A and B, and sulfated Lewis® and Lewis*
(Leteux et al. 2000). Although little is known on the MR self-glycoprotein ligands,
potential MR-binding structures may be present in the CNS. MR has been reported
to be expressed primarily on alternative activated M®, and targeting of the MR with
antibody-coupled antigen has been shown to result in IL-10 production, linking the
expression of the MR on APC that are implicated in immune inhibition (Chieppa et al.
2003; Allavena et al. 2005, 2010). Also, MR-deficient mice have shown impaired
clearance of inflammatory serum glycoproteins, corroborating its anti-inflammatory
function (Chavele et al. 2010). On the other side, absence of MR in M® derived
from MR/~ mice reduced LPS-mediated TNFa production compared to wild-type
cells (Chavele et al. 2010). Similar to DC-SIGN, antigen targeting using MR-specific
glycans can potentiate CD8" and CD4™ responses. Thus, MR has a dual function,
similar to DC-SIGN, in which anti-inflammatory and inflammatory functions depend
on the signals the APC receives in combination with the CLR.

4.8 Galectins

To date, the best characterized galectins in CNS inflammation are Gall, Gal3,
and Gal9. These galectins are expressed in normal-appearing white matter
(NAWM), microglia, astrocytes, and endothelial cell and are upregulated during MS
(Stancic et al. 2011).

Gall, a lectin associated with immune tolerance and T cell homeostasis
(Rabinovich and Croci 2012), is upregulated in MS lesions and in activated microglia
and downregulated in astrocytes, probably due to its release into the extracellular
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milieu (Stancic et al. 2011). Gall is also upregulated in the CNS during EAE, with
the highest value at the peak of the disease. High Gall expression was observed on
infiltrating CD4* T cells and CD11b* cells as well as on GFAP* astrocytes border-
ing the lesion area. Gall is similarly upregulated in DLNs and spleens in mice during
the peak and resolution of EAE (Ilarregui et al. 2009). Gall is similarly upregulated
in draining lymph nodes and spleens of mice during the peak and resolution phases
of EAE (Ilarregui et al. 2009). The above mentioned results suggest the participation
of Gall in limiting the inflammatory response in MS.

Gall binds to core 2 O-glycans decorating CD45 on microglial cells leading to
microglia deactivation (Starossom et al. 2012). In line with these findings, therapeu-
tic administration of 100 pLg/day/mice of Gall ameliorates EAE, limiting microglia
activation, axonal loss and demyelination, and promoting synaptic repair. (Starossom
et al. 2012). Therefore, lack of endogenous Gall increases classical microglia ac-
tivation promoting axonal damage during autoimmune neuroinflammation in mice.
In the same manner, Gall binding to N-glycans and O-glycans on CD45 reduces
the phosphatase activity of CD45 inducing T cell death (Rabinovich et al. 2012),
similar to MGL (Fig. 4.3) leading to amelioration of autoimmune inflammation, as
previously described for MGL (Rabinovich and Toscano 2009).

Due to its tolerogenic properties, recombinant Gall has been used as a treatment
in several experimental models of autoimmune diseases to suppress chronic
inflammation and to skew the balance of the immune responses toward a Th2-type
cytokine profile (Rabinovich and Toscano 2009). Thus, administration of Gall
reduces the severity of EAE by selective elimination of Thl and Th17 pathogenic
T cells (Rabinovich and Toscano 2009; Toscano et al. 2007; Offner et al. 1990).
Moreover, Gall =/~ mice have an increased frequency of Th1 and Th17 cells and
enhanced susceptibility to autoimmune neuroinflammation (Toscano et al. 2007).
Taken together, these observations indicate an important role of Gall in “fine-tuning”
the immunogenicity of DC in the context of EAE.

The tandem repeat galectin-type Gal9 is involved in central and peripheral
tolerance by inducing apoptosis of thymocytes or effector T cells, respectively
(Rabinovich and Croci 2012; Zhu et al. 2005; Zelensky and Gready 2005), and
is upregulated in MS lesions (Anderson et al. 2007). In the microglia found in active
MS lesions, Gal9 is located in the nuclei and cytosol, whereas it is only expressed in
the cytosol in chronic inactive lesions (Stancic et al. 2011).

Gal9 can also bind the T cell immunoglobulin domain and mucin domain pro-
tein 3 (TIM-3), inducing apoptosis of thymocytes and effector Th1 cells. Gal9 also
binds Th17 cells and induces their apoptosis, but in a TIM-3-independent manner
(Zhu et al. 2005; Oomizu et al. 2012). In keeping with these findings, mice
treated with recombinant Gal9 in the EAE model show reduced disease severity and
mortality. TIM-3 is also expressed in DC but on the contrary, Gal9 induces a proin-
flammatory profile in these APC initiating a Th1-immune response. In accordance
with these findings, mice treated with recombinant Gal9 during the induction of EAE
show reduced disease severity and mortality (Zhu et al. 2005; Ilarregui et al. 2009).
In addition, Gal9 knock-down or Gal9~/~ mice suffer an exacerbated EAE in com-
parison to control mice (Oomizu et al. 2012). Moreover, monocytes and microglia
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from the active border regions of MS lesions express high levels of TIM-3 and as-
trocytes present in MS lesions express high levels of Gal9 relative to the quiescent
center of MS lesions or to normal human CNS tissue (Stancic et al. 2011; Heine
2011; Loo and Gale 2011; Anderson et al. 2007). Collectively, these data may ex-
plain, at least in part, the sustained inflammation at the border region of MS lesions.
As a member of the tandem repeat-type group, Gal9 posses two different CRDs,
the one in the C-terminal domain is more potent in inducing T cell death than the
N-terminal, while the CRD at the N-terminal domain is more effective in activating
DC in a p38-dependent and AKT-dependent manner (Rabinovich and Croci 2012;
Lietal. 2011). These data elucidate the contrasting effects observed between T cells
and APC in the presence of Gal9.

On the other hand, Gal3, which has predominantly a proinflammatory role (Stan-
cic et al. 2011; Ohashi et al. 2000; Rabinovich and Croci 2012; Yang et al. 2008),
is upregulated in MS lesions and astrocytes. (Stancic et al. 2011; Hanamsagar
et al. 2012). Similarly, in EAE experiments, Gal3 expression is upregulated in de-
myelinated areas, and in microglia and M® Gal3 appears to be involved in myelin
phagocytosis (Reichert and Rotshenker 1999). Depending on whether it functions
intracellularly or is added exogenously to T cells, Gal3 acts either protecting T
cells from apoptosis or promoting cell death, respectively (Yang et al. 2008). How-
ever, in vivo studies support the notion that Gal3 promotes inflammatory response
(Yang et al. 2008). Consequently, in EAE experiments, Gal3~/~ mice develop lower
clinical score accompanied by a decreased leukocyte infiltration, elevated frequency
of Foxp3™ Tregs cells, and following antigen stimulation, draining lymph nodes T
cells produce lower amounts of IL-6, IL-17, and IFNy and higher levels of IL-10 and
IL-5 compared to wild-type mice (Rabinovich and Toscano 2009; Jiang et al. 2009).
In line with these results, Jeon et al. show that rat and mouse microglia and astro-
cytes treated with IFNy induce Gal3 expression and secretion into the extracellular
space (Jeon et al. 2010). Moreover, Gal3-treated primary microglia and astrocytes
upregulate the expression of TNFa, IL-1f, and IL-12 (Jeon et al. 2010).

By contrast, infiltrating M® in relapsing—remitting EAE lesions as well as acti-
vated microglia in EAE and others models of CNS inflammation express high levels
of Gal3 (Rabinovich et al. 2012; Toscano et al. 2007; Berard et al. 2010; Venkatesan
et al. 2010). In these models, Gal3 plays a pivotal role in the phagocytosis of myelin
since degenerated myelin inhibits remyelination by oligodendrocytes (Rabinovich
and Croci 2012; Yang et al. 2008; Zhu et al. 2005; Kotter et al. 2006). These findings
are particularly significant since Gal3 is present in microglia/M® that phagocytose
myelin, and it has been shown in vitro that myelin phagocytosis induces a switch from
a proinflammatory to an anti-inflammatory phenotype in M® (Anderson et al. 2007,
Liu et al. 2002; Boven et al. 2006). Collectively, these data suggest a relevant role
for galectins in MS pathophysiology.
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4.9 Conclusion

CNS-resident APC of the CNS parenchyma, as well as of the perivascular, choroid
plexus, and meningeal area are crucial for the control of immune homeostasis. They
may sample their environment for antigens by means of their CLRs and scavenger
receptors. Their strategic position has demonstrated their important function in the
interaction with infiltrating T cells, in order to reactivate or inhibit these T cells,
depending on the local signals they receive. Brain APC are, therefore, crucial in di-
recting autoimmune diseases, either exacerbating or dampening inflammation, and
their phenotype and functional status as a reflection of the CNS microenvironment
may be more important than initially thought. A better understanding on how APC
at different locations in the brain handle their microenvironmental changes is there-
fore essential in our understanding to design new therapies aimed at inhibiting both
the initial and the chronic phase of autoimmune disease taking place in the CNS.
Questions that need to be addressed in the future concern the inflammatory sig-
nals to recruit different APC populations into the brain, as well as the functional
differences between infiltrating and resident APC and how they control their mi-
croenvironment at the molecular level. Furthermore, knowledge on how the cervical
lymph nodes contribute to the onset and reactivation of autoimmune diseases is lack-
ing, as well as on how CNS-associated APC subsets differentially contribute to T
cell restimulation. Answers to these questions will help to design better therapies
for CNS autoimmune and chronic inflammatory diseases that target subset-specific
modulation of DC migration and activation status.
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Chapter 5
The Role of B Cells in Multiple Sclerosis

Bernhard Hemmer, Markus C. Kowarik and Martin S. Weber

5.1 Introduction

B cells may have various roles in the pathogenesis of multiple sclerosis (MS), serv-
ing as a source of plasma cells that secrete autoreactive specific antibodies, but
also as antigen-presenting cells for activation of encephalitogenic T cells. Data
indicate that antibodies promote demyelination in MS and experimental autoim-
mune encephalomyelitis (EAE), the animal model of MS, while the role of B cells
themselves in central nervous system (CNS) autoimmune disease is less clear. Like
dendritic cells, B cells are professional antigen-presenting cells as defined by a
constitutive expression of major histocompatibility complex (MHC) class II and an
antigen-specific B cell receptor (BCR, membrane-associated Immunoglobulin (Ig)).
Compared to other antigen-presenting cell populations, antigen-specific B cells are
very competent in presentation of protein antigen when their BCR recognizes the
same antigen as the responding T cells. As processing and presentation of CNS
protein antigen is required for initiation of CNS autoimmune disease (Slavin et al.
2001), B cells and, in particular, B cells specific for CNS autoantigen may have an
important role as antigen-presenting cells for the activation of myelin-specific T cells
in MS.

B cells, plasma cells, and antibodies are commonly found in active CNS lesions
in patients with MS. B cells isolated from CNS lesions as well as from the cere-
brospinal fluid (CSF) show signs of clonal expansion and hypermutation suggesting
their local activation. Plasma blasts maturating from these B cells were recently iden-
tified to contribute to the development of oligoclonal antibodies produced within the
CSF, which remains a diagnostic hallmark finding in MS. Within the CNS, antibody
deposition is associated with complement activation and demyelination, indicating
antigen recognition-associated effector function. Although some studies indeed im-
plied a disease-intrinsic and possibly pathogenic role of antibodies directed against
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components of the myelin sheath, no unequivocal results on a decisive target anti-
gen within the CNS persisted to date. In conclusion, various pathological, clinical,
immunological, and experimental findings collectively indicate a pathogenic role
of antibodies and B cells in MSS, whereas several conceptual challenges, above all
uncovering potential target antigens within the CNS, remain to be overcome.

5.2 Evidence for a Pathogenic Role of B cells and Autoantibodies
Derived from Animal Models

The murine animal model of MS, EAE, is thought to be predominantly mediated by
proinflammatory, self-reactive T cells (Zamvil and Steinman 1990). Strong evidence
for this assumption derives from the fact that adoptive transfer of encephalitogenic
T cells is sufficient to induce EAE in susceptible mice and that EAE can be actively
induced in B cell-deficient mice (Zamvil et al. 1985; Lyons et al. 1999). In addition
to infiltrating T cells and macrophages, B cells, plasma cells, and antibodies are,
however, found in areas of myelin breakdown in EAE similar to active CNS lesions
in patients with MS (Merkler et al. 2006; Prineas and Connell 1978). Although
it is clear that B cells and antibodies by themselves are not capable of initiating
inflammation in brain and spinal cord, certain EAE studies suggest that they might
facilitate CNS damage and promote disease progression (Weber et al. 2010).

5.2.1 The Role of Antibodies in Experimental CNS Autoimmune
Disease

Autoimmune T and B cell responses against CNS antigens remain a central com-
ponent in the current view of MS pathogenesis. Myelin antigens are the prevalent
putative targets studied in the field due to the often primarily demyelinating nature
of inflammatory CNS lesions. Within candidate myelin antigens, myelin oligoden-
drocyte glycoprotein (MOG) is probably the most widely investigated due to its
extracellular location on the outermost myelin lamellae. Such exposed location may
make it an easily accessible target for an initial autoimmune attack against properly
myelinated axons. The full-length MOG protein is constituted of 218 amino acids
and is exclusively expressed within the CNS. Most importantly, MOG is highly
encephalitogenic in the murine as well as in the marmoset EAE model.
Schluesener et al. (1987) reported more than 20 years ago that a monoclonal an-
tibody directed against MOG exacerbated ongoing EAE in a rodent disease model.
The authors demonstrated convincingly that the intravenous administration of this
myelin-reactive antibody enhanced CNS demyelination and induced fatal relapses
in recipient mice. Notwithstanding this seminal observation, it should be noted that
the antibody was injected into already EAE-affected mice at a quantity that is un-
likely to be produced endogenously. Experiments in B cell-deficient mice indeed
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indicate that B cells or antibodies are not required when the short encephalitogenic
T cell-determinant peptide (p)35-55 is used to immunize mice in an active EAE
induction protocol (Lyons et al. 2002). A crucial step in disease induction by active
immunization is the presentation of the administered CNS autoantigen to naive en-
cephalitogenic T cells by antigen-presenting cells in the context of MHC class II.
Short peptides, such as MOG p35-55, are known to be most efficiently phagocytosed
and presented by dendritic cells and macrophages (Constant et al. 1995a, b), so that
B cell encounter with the peptide antigen rarely occurs. Moreover, B cells cannot
process and present peptide antigens as efficiently as entire proteins even if they pos-
sess a BCR for the protein from which the peptide was derived. This results in two
key features of this model of CNS autoimmune disease: B cell antigen presentation
does not play a crucial role for EAE induction by MOG peptide and low anti-MOG
antibody titers, if any, are generated.

In contrast, B cells and antibodies may be required for EAE induced by the recom-
binant (r) extracellular domain of MOG, as genetically B cell-deficient mice were
found to be resistant to active immunization with human rMOG (Lyons et al. 1999).
Reconstitution with the antigen-specific antibody was sufficient to restore EAE sus-
ceptibility, suggesting a crucial role for antibody-mediated antigen recognition in
this model (Lyons et al. 2002). Unfortunately, the question as to whether B cells
are required for MOG protein-induced EAE appears to be more complex and is still
debated. Oliver et al. (2003) reported that immunization with either rat or human
MOG leads to comparable titers of anti-MOG antibodies. However, only human (but
not rat) MOG was reported to induce a B cell-dependent EAE model as evaluated by
active immunization of B cell-deficient mice. The sequence of human MOG differs
from rat MOG only at a few residues, including a proline for serine substitution at
position 42, which encodes within the dominant T cell determinant of MOG p35-55.
Substituting this amino acid with serine in human MOG p35-55 (resulting in the rat
MOG sequence) substantially increased its encephalitogenicity (Oliver et al. 2003).
Furthermore, exchanging the same residue within human MOG protein appears to
be sufficient to restore EAE susceptibility in B cell-deficient mice, suggesting that B
cells or B cell-derived products are specifically required to recognize human MOG
protein due to the presence of proline at position 42 within the three-dimensional
protein.

Furthermore, it is apparent that not all MOG-specific antibody responses are
equally pathogenic. This can be determined by examining epitope recognition. In
general, pathogenic MOG-specific antibodies recognize conformation-dependent
MOG epitopes that are only available within the intact protein. Antibodies that
are specific for linear determinants, although they may recognize antigens follow-
ing tissue injury, are not thought to contribute to disease initiation or progression
(Bourquin et al. 2003; von Budingen et al. 2002, 2004). Furthermore, immunization
with either rat or human MOG leads to a considerable development of anti-MOG
antibodies, whereas only immunization with human rMOG generates a pathogenic,
EAE-enhancing MOG antibody response (Marta et al. 2005). Along the same lines,
a transgenic mouse engineered to express the rearranged heavy chain of a pathogenic
antibody recognizing a conformational determinant of MOG (8.18-C.5) developed
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more severe EAE with greater inflammation and demyelination compared with wild-
type mice (Litzenburger et al. 1998). The fact that serum from these mice bound
specifically to native, brain-derived MOG combined with the observed enhance-
ment of CNS demyelination suggests a possible pathogenic role for plasma cell-
secreted myelin-specific antibodies. Alternatively, although not mutually exclusive,
accelerated EAE severity may reflect a pathogenic role for myelin-specific B cells in
processing and presentation of myelin antigen to encephalitogenic T cells. Indeed,
it has been shown that B cells carrying an antigen-specific BCR are highly efficient
antigen-presenting cells when they encounter their specific antigen. Their efficacy
may even exceed the efficacy of dendritic cells.

5.2.2 The Role of B cells and Antibodies in Spontaneous EAE
Models

Recent efforts have been focused on developing EAE models, which do not require
their active induction, as EAE induced by active immunization with self-antigen or
passive transfer of encephalitogenic T cells is unlikely to fittingly reflect MS patho-
genesis characterized by chronic inflammation and the lack of an apparent disease
trigger. Generally, what these models have in common is that B cells, T cells, or both
are genetically engineered to recognize CNS antigens at a higher frequency than
mouse strains susceptible to induced EAE. Though it is debatable whether “spon-
taneously” occurring EAE in these transgenic mice reflects MS pathogenesis more
closely, these models undoubtedly provide an excellent tool to study the interaction
of self-reactive T cells, B cells, and antibodies.

The first of these spontaneous EAE models is produced by taking the already men-
tioned transgenic mice, in which a high frequency of B cells express a pathogenic
antibody against MOG (MOG B cell-knocking), were crossed onto a line of trans-
genic mice in which a majority of T cells respond to MOG p35-55. Although it
needs to be noted that approximately 40 % of these single-transgenic MOG T cell
receptor transgenic mice were already affected by optic neuritis, they rarely re-
vealed symptoms of spontaneous paralysis (Bettelli et al. 2006; Krishnamoorthy
et al. 2006). However, in the double-transgenic mice, which also contain a high fre-
quency of MOG recognizing B cells, approximately 60 % spontaneously developed
a severe form of EAE with meningeal and parenchymal lesions (Bettelli et al. 2006;
Krishnamoorthy et al. 2006). Interestingly, inflammatory lesions remained restricted
to the spinal cord and optic nerves, not unlike in neuromyelitis optica (NMO) or De-
vic’s disease, which selectively affects optic nerves and spinal cord, but spares the
brain (Cree et al. 2002; Mandler et al. 1993). Intriguingly, this model suggests that
myelin specificity of B cells and T cells is in principle sufficient to trigger spontaneous
CNS autoimmune disease. It remains to be determined in further studies whether this
spontaneous model primarily relates to the abundance of myelin-specific antibodies,
or alternatively to the fact that MOG-specific B cells serve as efficient antigen-
presenting cell for the activation of MOG p35-55-specific T cells in these mice.
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Another more recently described spontaneous EAE model apparently also re-
lies on the interaction of myelin-specific B cells and/or antibodies and T cells
(Pollinger et al. 2009). In this model, T cells are genetically engineered to rec-
ognize MOG peptide 92—106 resulting in spontaneous relapsing-remitting EAE on
the SJL/J background. Backcrossing these T cell transgenic mice to a line express-
ing the MOG-binding antibody 8.18-C.5 on B cells led to an earlier onset of an
even more severe spontaneous EAE disease course. In single-T cell transgenic mice
with later disease onset, myelin-specific B cells were shown to be recruited and
expanded from the endogenous repertoire that results in development of pathogenic
anti-MOG antibody titers comparable to those in wild-type mice actively immunized
with rMOG. In both, single- and double-transgenic mice, anti-CD20-mediated B cell
depletion could abrogate spontaneous EAE development, proving that endogenously
recruited or transgenically engineered myelin-specific B cells or antibodies were in-
deed mandatory for initiation of spontaneous disease. Unexpectedly, myelin-specific
B cells obtained from these mice were, however, unable to recognize the transgenic T
cell determinant 92—106. Furthermore, spontaneous disease was not observed when
MOG p92-106 T cell receptor transgenic mice were crossed onto a MOG-deficient
background. Collectively, these findings indicate that in this model, activation of
abundant MOG p92-106-specific T cells requires prior encounter of B cells with
endogenous MOG. Similar to the spontaneous EAE model described in the previous
paragraph, it remains yet unclear whether spontaneous CNS autoimmune disease
in these mice relies primarily on cellular function of myelin-specific B cells or B
cell-derived myelin-specific antibodies.

5.3 Evidence for a Pathogenic Role of B cells in Human
Demyelinating Disorders

B cells are part of the adaptive immune system and are able to produce antibodies (Igs)
against specific targets. B cells recognize antigens via their BCR and usually become
activated through helper T cell stimulation. After the activation through different
receptors and cytokines, B cells differentiate into mainly two subsets: plasma cells
and memory cells. The B cell either becomes one of these cell types directly or may
undergo a further differentiation step during a germinal center reaction. Thereby,
the BCR specificity can be increased by mutations of the variable region Ig gene
(somatic hypermutation) and eventually an Ig-class switch is induced. After these
differentiation steps, B cells may turn into plasma blasts and plasma cells, which
can persist in the bone marrow or tissue for long periods of time and release large
amounts of antibodies. Alternatively, B cells may develop to B cell memory cells
and turn into antibody-secreting cells at another point of time. Through this antibody
secretion of plasma blasts/plasma cells against specific targets, B cells are essential
to control microbial infections. On the other hand, a misguided immune reaction
against self-inherent structures can lead to autoantibodies and may predispose to
autoimmune disease.
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Although the pathophysiological mechanism is still unclear, MS is often con-
sidered to be an autoimmune disorder in which T and B cells cause and maintain
demyelination and axonal damage in the CNS. It has been known since the 1940s
that more than 90 % of MS patients show an increased intrathecal production of
Igs (Kabat et al. 1942), for which reason early MS research mainly focused on the
humoral immune system. In the last decades, greater emphasis was placed on the
pathogenic role of T cells. This was due to the fact that activated T cells are present in
MS plaques, that certain MHC-II molecules (HLA-DR15, critical for antigen presen-
tation to T cells) convey a risk for MS, and experimental allergic encephalomyelitis
(EAE) can be solely initiated by myelin-reactive T cells. Nevertheless, a number of
findings suggest that B cells may play an important role in MS:

1. B cells are present in active and inactive MS lesions.

2. Formation of B cell follicle-like structures can be observed in the brain meninges.

3. CSF changes in MS are characterized by increased B cell populations and show
a persistence of intrathecal oligoclonal Ig bands.

4. B cells in CSF and brain lesions of MS patients show clonal expansion.

5. B cell targeting therapies have been shown to be effective in MS.

Although a number of studies have investigated the phenotype of B cells in MS
lesions and in the CSF, there is little information about the exact mechanism of B cell
trafficking across the blood—brain barrier and the blood—CSF barrier. Furthermore,
the nature and the site of the antigenic stimuli that initiate and perpetuate the abnormal
immune reactivity are still unknown.

5.3.1 Histopathologic Evidence for Involvement of B cells
and Antibodies in MS and NMO

The pathologic hallmark of MS is the plaque, an area of white matter demyelination
often accompanied by inflammation. Although a relative axonal sparing can be ob-
served in lesions, axonal damage is present in active and chronic MS plaques and it is
thought to be an essential cause for disease progression and nonremitting progress of
clinical disability. Historically, MS plaques have been considered to primarily affect
the white matter but recent pathological studies have found more extensive cortical
demyelination than previously expected (Lucchinetti et al. 2011; Ozawa et al. 1994).

It has been proposed that MS is an autoimmune disease in which autoreactive
lymphocytes drive an inflammatory process leading to macrophage recruitment and
subsequent myelin/oligodendrocyte destruction. In general, the inflammatory infil-
trates are composed of macrophages, T lymphocytes, B cells, and plasma blasts as
well as activated microglial cells. The pathologic findings are similar to those found
in some of the EAE models.

B cells and plasma blasts are found in active- and late-stage MS lesions. Molecular
analysis of B cells in brain lesions shows an accumulation of clonotypic B cells with
preferential use of particular variable (V) heavy (H) chain (VH) genes indicating
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a restricted local immune response (Baranzini et al. 1999; Owens et al. 1998).
Furthermore, the consequence of several Ig-mediated effector functions can be found
in MS plaques: capping of surface IgG on macrophages, which is involved in myelin
breakdown, codeposition of IgG and complement proteins at plaque borders, and
the presence of Igs and complement in areas of active myelin breakdown (Prineas
and Graham 1981; Prineas et al. 1984). The proportion of T cells-/Ig-containing
cells is lower in chronic MS lesions compared to early-MS lesions. In addition, B
cell supporting factors like the cytokines APRIL and BAFF and the chemokines
CXCL12 and CXL13 have been found to be upregulated in MS lesions (Krumbholz
et al. 2000).

Both CD4* and CD8™" T cells are found in MS lesions. CD4 " T cells dominate the
perivascular cuff, whereas CD8* T cells outnumber CD4™ T cells in the parenchyma.
It was furthermore, axonal destruction in MS lesions seems to be associated with
the presence of CD8" T cells and macrophages. MS lesions are associated with an
upregulation of proinflammatory cytokines and chemokines, e.g., interferon gamma
and tumor necrosis factor alpha (TNF-o; Ozawa et al. 1994).

However, the exact pathogenic role of the inflammatory response in MS plaques is
not clear. Inflammatory cells are not always present in areas of active demyelination
and persistent inflammation is typically found in chronic active MS lesions. Besides
the inflammatory functions of leukocytes, they also secrete growth factors, which
might be of relevance for repair- and remyelination (Lassmann 2001; Ozawa et al.
1994).

Several studies have been aiming to identify correlations between immunopatho-
logical patterns and different clinical disease courses in MS patients. In general, four
different immunopathological patterns of myelin destruction have been proposed
(Lucchinetti et al. 2000). One of these patterns (pattern II) has been characterized as
a mainly antibody- and complement (C9neo)-mediated myelin destruction (Storch
et al. 1998). The other patterns suggest T cell-mediated demyelination (pattern I),
oligodendrocyte dystrophy (pattern III), and primary oligodendrocyte degeneration
(pattern IV; Ozawa et al. 1994). Although a high heterogeneity of lesion patterns
has been described in the early phases of MS, homogeneity of pathological patterns
can be found in active lesion of patients with established MS. In these patients,
primarily an antibody- and complement-mediated demyelination could be found
(Breij et al. 2008; Lassmann et al. 2001).

More recently, it has been shown that infiltrating B cells are not limited to the brain
parenchyma, CSF, or perivascular space. Approximately, 30—40 % of MS patients
with secondary progressive MS or long-standing disease display lymphoid-like fol-
licles in the meninges (Magliozzi et al. 2007; Serafini et al. 2004). Furthermore, it
can also be shown that in early MS there is meningeal inflammation with a strong to-
pographic relation to cortical demyelination (Lucchinetti et al. 2011). B cell clones
derived from meningeal aggregates of patients with long-lasting disease are also
present in the CSF and brain parenchyma. This indicates that equilibrium exists
between the various CNS B cell populations in MS patients (Lovato et al. 2011;
Magliozzi et al. 2004).
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5.3.2 Evidence from the CSF

Since brain interstitial fluid extravasates into the subarachnoid and ventricular spaces,
the cellular and protein composition of human CSF can be a useful surrogate to
monitor the microenvironment of the brain.

The assessment of CSF, especially the analysis of CSF cells and intrathecal Ig pro-
duction, is an important tool in the diagnosis of MS (Farrell et al. 1985). Intrathecal
Ig production in the CSF compartment with the formation of oligoclonal bands is a
key feature and a relatively sensitive finding in MS. About 50-60 % of all diagnosed
MS patients exhibit an intrathecal production of IgG. After separation of CSF Ig
by electrophoresis, the IgG fraction is described as oligoclonal IgG bands (OCBs).
This is true only in CSF IgG but not in serum where IgG appears polyclonal. OCBs
extracted from the CNS have a similar pattern as from CSF of the same individuals
strengthening the view that the CSF compartment reflects—at least partially—the
milieu within the CNS itself. Furthermore, the oligoclonal IgG pattern shows local
accumulation of restricted IgG specificities and is concomitant with a restricted Ig
receptor repertoire in CSF (Baranzini et al. 1999; Owens et al. 2001, 1998). The
relevance of CSF B cells in the production of OCBs, had been for a long time an
open question. In a recent study, Obermeier et al. (2008) compared the IgG proteome
in CSF and the IgG transcriptome from the B cellular compartment in CSF and found
an overlap between both compartments. This strongly suggests that CSF B cells are
indeed the source of OCB.

The occurrence of such OCBs in CSF is still the most reliable immunological test
supporting clinical and MRI findings in establishing the diagnosis of MS. Hence,
researchers have investigated the relevance of OCBs as potential biomarkers for the
clinical outcome of patients with MS (Avasarala et al. 2001; Koch et al. 2007; Walsh
and Tourtellotte 1986). OCB-negative MS patients seem to have a more benign
disease course. The number of OCBs and the intrathecal IgG synthesis correlated
with a more progressive outcome in a retrospective study (Izquierdo et al. 2002).
However, this finding was not confirmed by another study. One study suggested
that the presence of IgM OCBs predicts a higher probability for conversion to
secondary progressive MS (SP-MS) and intrathecal IgM production predicts a
higher progression rate, but this was also not confirmed by an independent study
(Villar et al. 2002, 2003). However, OCBs are not unique to MS and can also
be found in chronic infectious diseases of the CNS such as subacute sclerosing
panencephalitis (Villar et al. 2002), neurosyphilis, mumps meningitis, progressive
rubella panencephalitis, Borrelia burgdorferi meningoencephalitis (Martin et al.
1988), and cryptococcal meningitis (Owens et al. 2007). In each of these conditions,
the oligoclonal IgG is directed against the causative agent whereas in MS the antigen
against which the oligoclonal IgG is directed has yet to be identified.

In MS patient, CSF cell counts appear normal to slightly elevated and for the
most part do not exceed 50 cells/pl. By means of fluorescence-activated cell sorting
(FACS), it is possible to further quantify and differentially examine CSF cells accord-
ing to their surface markers. Within the CSF compartment, CD3™ T cells constituted
the vast majority of CSF lymphocytes while B cells can hardly be detected under
normal conditions (< 1 % of all mononuclear cells in the CSF; Cepok et al. 2001).
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During neuroinflammation, a significant increase in CSF B cells can be observed
(Cepok et al. 2003). In MS, CD19* CD138— B cells average 5 % of all mononu-
clear cells, CD19TCD138" plasma blasts show values around 0.9 %. Interestingly,
the percentage of B cells in the CSF does not correlate with the percentage of B cells
in the blood. Also, the disruption of the blood—CSF barrier has no major impact on
the distribution of B cells in the CSF (Kowarik et al. 2012).

Analysis of B cells present in the CSF of MS and other inflammatory neurolog-
ical disorders identified B cell populations representing all stages of differentiation
observed in secondary lymphoid follicles, indicating that the CNS can maintain a
persistent B cell response. Detailed analyses of CSF B cells revealed that the ma-
jority of B cells display a phenotype of memory B cells and plasma blasts during
neuroinflammation. These memory B cells outnumber naive B cells in the CSF,
whereas naive B cells are more prevalent in the peripheral blood. This accumulation
of memory B cells in the CSF is largely due to the recruitment of [gM—IgD— class
switched memory B cells (Cepok et al. 2006). Also, a high proportion of plasma blasts
can consistently be found in the CSF of patients with inflammatory CNS diseases,
whereas plasma cells are only found at very low levels in the CSF compartment
(Cepok et al. 2001, 2005a). This finding might be associated with the role of the
chemokine CXCL13, a major B cell chemoattractant in the CSF. CXCL13 binds to
the receptor CXCRS5, is upregulated during neuroinflammation and correlates with
CSF B cells, plasma blasts, and intrathecal Ig production (Kowarik et al. 2012).
During maturation in the periphery, B cells undergo different modifications and a
change of surface receptors to become plasma cells. This involves downregulation
of the chemokine receptor CXCRS and upregulation of the CXCR4 receptor and
alpha4 betal integrins under the control of B-lymphocyte-induced maturation pro-
tein 1 (BLIMP-1). Consequently, the CXCLS5 receptor is downregulated on B cells
during the maturation to plasma cells, whereas other B cells, e.g., plasma blasts still
express CXCRS. After CXCL13 is upregulated during neuroinflammation, mainly
plasma blasts or B cells that express CXCRS5 might be recruited to the CSF.

The role of plasma blasts as the main CSF effector B cells during neuroinflamma-
tion is further supported by the correlation with the intrathecal Ig synthesis (Winges
et al. 2007). Furthermore, MS patients show clonally expanded plasma blast pop-
ulations with extensive somatic hypermutation of their rearranged Ig genes. This
indicates that CSF plasma blasts have not only encountered an antigen but were also
expanded in a germinal center reaction (Owens et al. 2007). It is, however, still
unclear whether this germinal center reaction takes place in the periphery or within
the CNS. Also, the trafficking of B cells into the CNS and CSF is still unknown.
While plasma blasts disappeared rapidly from the CSF after resolution of a CNS
infection (Cepok et al. 2005a), these cells are continuously found throughout the
disease course in MS patients. This suggests that plasma blasts can either persist or
are continuously recruited to the CNS compartment in MS patients.

Concerning the clinical implication, plasma blasts correlate with the inflammatory
parenchymal disease activity in MS patients as disclosed by MRI (Cepok et al. 2001).
Also, the chemokine CXCL13, which at least partially reflects the humoral immune
response in the CSF, has recently been suggested as a prognostic marker for MS and
clinically isolated syndrome (CIS; Brettschneider et al. 2010).
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5.3.3 Evidence for Pathogenic B Cell Function Within the CNS:
B Cell Receptor (BCR) Rearrangement

During early maturation, B cells initiate gene rearrangement in order to express
a unique receptor on their surface. Once this “naive” B cell binds it’s antigen, it
becomes activated and undergoes further differentiation into an antibody-secreting
plasma cell. The clonal expansion of these B cells can be observed during neu-
roinflammation. Therefore, the assessment of these B cell clones helps to further
understand the humoral immune response in MS.

In order to create a unique BCR in a single diploid cell, only one of the alleles is
rearranged and expressed. The total number of antibody specificities available to an
individual is known as the antibody/Ig repertoire, and in humans is at least 10'!. The
human antibody repertoire uses 51 functional germline genes, which are divided into
families based on sequence homology. Of the seven Vy families, the largest are Vg3
and V4 with 11 gene segments each. These gene segments are located relatively far
away from each other and then brought together by DNA-modifying recombinases.
The Ig gene segments are organized into three clusters of genetic loci, the kappa,
lambda, and heavy chain loci, each of which can assemble a complete V-region
sequence. The heavy chain V region is encoded in three gene segments: the V—
segment (variable), D-segment (diversity), and J-segment (joining). The light chain
V region is only encoded by V-segment and J-segment. The different gene segments
are brought together by somatic recombination process (V(D)J recombination) to
produce a complete V-region exon. The constant region of the heavy chain contains
a series of gene segments arranged one after the other. Additional changes in the
V-region of one clone are introduced by hypermutation during further maturation
in the germinal center reaction. Thus, an intraclonal sequence diversification has
repeatedly been observed within B and plasma cell clones.

Analyses of Ig oligoclonal heavy (H)- and light (L)-chain variable (V)-sequences
recovered from MS plaques and CSF reveals clonal expansion, intraclonal sequence
diversity, somatic hypermutation, and VH-gene segment bias; features consistent
with a specific and targeted antigen response (Colombo et al. 2003, 2000; Haubold
et al. 2004; Owens et al. 2003; Zhang et al. 2005).

It can be shown that the Vi usage in peripheral blood B cells of MS patients
is similar to those of healthy individuals. The Vy usage approximates the germline
prevalence or is slightly biased towards excess of V3 family sequences. However,
in the CSF of MS patients, clonal expansion of B cells and a bias towards certain Vg
has been observed (Owens et al. 2001). Also, patients with CIS showed clonal expan-
sion and Vy bias, suggesting that B cell responses are established early in the disease
course. Among CD138% plasma blasts, which are the primary inflammatory B cells
in the CSF, around 64 % can be found in clonal populations in MS patients. Clonal
expansion is not as prominent in the repertoire of CD19+CD138- B cell populations
in the CSF. A striking feature of the plasma blast repertoire in MS CSF is the accu-
mulation of cells expressing Vy4 family gene segments. On average, around 70 % of
CD138™" B cells use a functional V4 heavy chain sequence and most were V(D)J re-
arrangements of three specific gene segments. V4 bias in CD19™ B cells was not as
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pronounced as in CD138" plasma blasts. As noted before, this V4 bias is not found in
the peripheral blood but is restricted to the CSF compartment. An explanation might
be that the CDR regions of these specific families form a favorable conformation for
binding an unknown antigenic target in early MS (Owens et al. 2007).

The restricted Vy repertoires have been observed in response to both infectious
and autoimmune disease. In subacute sclerosing panencephalitis, which is caused by
measles virus, Vi1 was the predominant germline family used by CD138* plasma
blasts. Concerning autoimmune diseases, VH family-biased B cell populations can
be found in different compartments and different diseases. Splenic germinal center
B cells from patients with systemic lupus erythematosus (SLE) demonstrate a bias
towards the VHS gene family and show an underrepresentation of VH1 family seg-
ments. In patients with rheumatoid arthritis (RA), synovial tissues contain memory
B cells with a high proportion of VH4 family segments. In patients with ankylosing
spondylitis (AS), VH4 usage is underrepresented while VH5 family usage is over-
represented. This VH repertoire bias may reflect the ongoing inflammatory activity
and/or immunopathogenesis of the diseases (Owens et al. 2007).

In summary, CSF B cells, and especially the plasma blasts, in MS patients are
extensively clonally expanded and display mutational patterns, which suggests that
these cells underwent a maturation and selection during germinal center reaction. It
is still unknown if this germinal center reaction takes place in the periphery or within
the CNS itself. According to the latest pathological studies, the meninges might
constitute a place for B cell maturation but whether this maturation indeed occurs in
the meninges has remained uncertain (Lovato et al. 2011). The VH repertoire bias
suggests a chronic B cell stimulation by a common mechanism or antigen target and
thus may reflect the ongoing inflammatory activity and/or immunopathogenesis of
the diseases.

Concerning the clinical implication of these findings, patients with CIS were an-
alyzed according to their VH family preference and then correlated with clinical
activity (Bennett et al. 2008; Cameron et al. 2009). Again, an overrepresentation
of VH4 family germline segments could be found but also a bias towards VH2 was
present in these patients. Overrepresented VH4 family germline sequences were
found in 60 % of the repertoires. One-third of the VH4-biased repertoires exhibited
coincident VH2 family sequence bias. CIS patients with a VH4 or VH2 bias converted
to MS within the subsequent 6 months. In contrast, CIS subjects without a repertoire
bias did not develop MS in a minimum follow-up period of 2 years. The presence
of VH4 or VH2 repertoire bias correlated with subsequent clinical activity. Interest-
ingly, the two germlines that are overrepresented in CIS, VH4, and VH2 are closely
related based on nucleotide sequence homology in the framework! and framework3
intervals. Since VH4 repertoire bias is evident in established demyelinating diseases,
the early presence of VH4 bias at the time of CIS might indicate that the target of
the humoral immune response does not change significantly over time. The Vg4 was
independent of disease duration suggesting that the driving force for B cell clonal
expansion might persist.
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5.4 Evidence for a Pathogenic Role of Autoantibodies in MS
and NMO

5.4.1 Targets of Antibodies in MS

Although a huge effort has been taken to search for the targets of the local immune
response in MS, the antigens of the humoral immune response in the CNS are still
largely unknown. MS lesions are focused on CNS white matter for which reason
possible antigenic structures were suspected to be within this region (Rand et al.
1998). Initially, the main body of research provided evidence that the relevant com-
ponents may be proteins of the myelin sheath, such as myelin basic protein (MBP),
MOG, and proteolipid protein (PLP; Genain et al. 1999). Other data suggested that
lipids or carbohydrates might constitute the targets of the humoral response. The
immune response against myelin proteins has been extensively investigated (Berger
et al. 2003). However, to date, controversial results have been obtained (Owens et al.
2009). In MS lesions, antibodies to myelin, especially MOG, were found by im-
munohistochemical analysis and IgGs extracted from inflamed CNS also recognized
MOG (O’Connor et al. 2005; Reindl et al. 1999). Elevated antibody titers against
MBP and/or MOG were also reported in serum and CSF of MS patients (Schmidt
etal. 2001; Vogt et al. 2009). However, the difference between patients and controls
is small (Karni et al. 1999; Kuhle et al. 2007; Lampasona et al. 2004; O’Connor et al.
2007; Rauer et al. 2006). Measuring antibody responses to CNS proteins is not trivial,
especially in case of membrane proteins, which are highly folded, and the confor-
mational epitopes represent targets of autoantibodies. The conformational epitopes
are, however, not preserved in conventional assays such as ELISA or Western blot.
This problem has recently been overcome by the development of cell-based antibody
detection assays. Concerning MOG, the gold standard to prove potential antibody
pathogenicity has become such a cell-based assay in which MOG is expressed by a
transfected cell line (Lalive et al. 2006; Zhou et al. 2006). Through measurement of
cell lysis, these assays allow determining whether antibodies are capable to target
conformationally folded, cell membrane-embedded MOG. Using this technique, one
study was able to demonstrate higher IgG antibody titers to native MOG in the serum
of MS patients compared with non-MS control groups (Zhou et al. 2006). Several
other groups have recently reported elevated titers of anti-MOG antibodies in young
children with demyelinating CNS diseases such as MS or ADEM (Brilot et al. 2009;
McLaughlin et al. 2009), using cell-based assays. Interestingly, high MOG antibody
titers were primarily found in children below the age of 10 suggesting that in these
children MOG might be a relevant autoantigen (Selter et al. 2010).

Given the presence of B cells, plasma blasts, and antibodies in MS lesions,
antibody-dependent activation of complement in MS lesions and the favorable re-
sponse of MS relapses to plasma exchange, it is conceivable that autoantibodies
contribute to MS pathogenesis at least in a subset of MS patients. Identification of
the target of the autoantibody response is highly challenging but may eventually lead
to a better understanding of the disease pathogenesis. Many laboratories have been
searching for such targets using a broad array of methodological approaches.
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Since CNS-resident proteins might be the target of the antibody response, comple-
mentary DNA (cDNA) expression libraries generated from MS brain lesions were
developed and probed with CSF antibodies with little success. Phage display li-
braries containing random short peptides or peptides derived from MS brain plaques
were constructed and displayed on phage surface-enabled large-scale screening of
CSF antibodies for identification of binding epitopes or mimotopes (Cortese et al.
1996). However, none of the identified targets has been confirmed to be strictly
MS-associated.

Using a novel proteomic approach, some of us recently identified the potassium
channel KIR4.1 as a possible target of serum antibodies in MS. KIR4.1, the major
inward-rectifying potassium channel in the brain, is expressed on oligodendrocytes
and a subset of astrocytes. Specific ELISA testing for serum IgG against KIR4.1
indicated the presence of serum antibodies in almost 50 % of MS patients whereas
these antibodies are rarely found in patients with other neurological diseases and
healthy subjects. The pathogenic role of Anti-KIR4.1 antibodies and its potential
role as a clinical biomarker have to be further addressed in future studies (Srivastava
et al. 2012).

Besides the autoimmune hypothesis, it is assumed that infectious agents may
play a significant role in the pathogenesis of MS. The antibody reactivities against
various pathogens have been investigated in CSF and serum of MS patients. Most
discussed are Epstein—Barr virus (EBV), human herpes virus-6 (HHV-6), varicella
zoster virus (VZV; Burgoon et al. 2009), and Chlamydia pneumoniae. The hypoth-
esis is still attractive in view of other infectious diseases of the CNS, which cause
inflammation and demyelination in humans such as SSPE- or HTLV-I-associated
myelopathy (Vandvik et al. 1976). In these disorders, a comparable chronic immune
response is observed in the CNS, including the occurrence of OCBs. Interestingly,
the intrathecal Ig response and the OCBs contain antibodies specific for the causative
agent. Similar to autoantibody studies, many researchers have reported on elevated
antibody titers to a broad range of pathogens in MS patients, although most find-
ings were not confirmed by independent studies. It is only in EBV that conclusive
data on an increased antibody response are reported (Ascherio and Munger 2010;
Cepok et al. 2005b). Using a phage display library technology, one group identi-
fied a 5-amino acid consensus sequence present in EBV nuclear antigen and a heat
shock protein, alpha-B crystalline. Recently, another group identified antibodies to
eight novel antigenic targets present in a subgroup of MS patients but not in controls
(Somers et al. 2008). Using a human brain cDNA expression library combined with
epitope mapping, Cepok et al. identified two different EBV proteins, the well-known
EBNA-1 and a novel protein BRRF-2, as putative targets of the oligoclonal immune
response in MS. While antibody titers to EBV proteins are elevated in serum and
CSF of MS patients, it seems rather unlikey that EBV infects and persists in the brain
of MS patients (Lassmann et al. 2011).

Recently, monoclonal recombinant antibodies (rAbs) were generated from clon-
ally expanded and therefore most likely disease-relevant CSF IgG-secreting plasma
cells and B cells of MS patients (Owens et al. 2009). This strategy allows to produce
an unlimited amount of relevant Igs for large-scale screening of antibody binding
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using various antigens and tissues. Immunofluorescent staining of MS lesions tissue
with rAb revealed reactivity to areas of myelin degradation or axons. However, spe-
cific reactivity of rAb to myelin epitopes could not be confirmed by immunostaining
of MOG-, MBP-, and PLP-transfected cell lines or immunostaining of brain tissue
sections. Screening of rAb reactivities to a larger number of different antigens, cells,
and tissues will be the next step to determine the specificity of these rAbs.

5.4.2 Targets of Antibodies in NMO

NMO is a severe demyelinating disorder with predilection for the optic nerves and
spinal cord. There is accumulating evidence that NMO is pathologically different
from MS and represents a distinct disease entity. In 2004, Lennon and colleagues
made the groundbreaking observation that the majority of NMO patients are seropos-
itive for autoantibodies (NMO-IgG) against the aquaporin 4 (AQP4) water channel
(Lennon et al. 2005). Subsequently, multiple researchers have used a variety of as-
says to document the sensitivity and specificity of AQP4 autoantibodies for NMO. In
these studies, NMO IgG demonstrates approximately 70 % sensitivity and 85-100 %
specificity for the disease (Jarius et al. 2008). NMO-IgG could also be detected in
the serum of patients with NMO spectrum diseases such as longitudinally exten-
sive transverse myelitis, recurrent optic neuritis, and Asian optic—spinal MS. Except
in some individual studies, AQP4 antibodies are generally undetected in clinically
defined MS (Paul et al. 2007).

Multiple lines of evidence support a pathogenic role of AQP4 antibodies in NMO.
First, NMO IgG demonstrates high specificity for NMO and NMO spectrum diseases.
Second, B cell- depleting therapies as well as plasma exchange have shown to be
effective in the treatment of NMO. Third, in cultured cells and spinal cord explants,
NMO-IgG binding to AQP4 causes complement activation and cytotoxicity. And,
finally, administration of human NMO-IgG or cloned AQP4 rAbs to naive mice or to
rats with preexisting neuroinflammation produces NMO-like pathology. Mechanis-
tically, NMO-IgG binding to AQP4 on CNS astrocytes is thought to initiate several
inflammatory events such as antibody-dependent complement activation and cell-
mediated cytotoxicity, leukocyte recruitment, and cytokine release. All these events
might lead to myelin damage but it still remains under debate, whether NMO-IgG
causes astrocyte injury independent of antibody effector function (Bennett et al.
2009; Bradl et al. 2009).

AQP4 has been shown to be the target of a pathologic NMO-IgG in the majority of
NMO patients, but the target of the immune response in about 30 % of seronegative
patients remains unclear. Since there is no significant difference in the treatment
response or CNS pathology between seronegative and seropositive patients, there
might be additional target antigens, which have not been identified yet. Different
antigens related to the same pathology can be found in other diseases such as myas-
thenia gravis, where muscle-specific tyrosine kinase and low-density lipoprotein
receptor-related protein 4 have been identified as pathologic antigens.
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Although AQP4 antibodies are highly sensitive and specific for NMO, the anti-
AQP4 titer in affected individuals has not been proven to be an accurate indicator
of disease severity or acute relapse. Nevertheless, a detailed understanding of the
relationship between antibody titers and disease activity would have a consider-
able clinical impact. This would allow physicians to identify high-risk and low-risk
patients and adopt immunosuppressive therapies accordingly. Further studies are
needed to investigate the exact binding pattern of NMO antibodies to AQP4 and
the pathological mechanisms, which lead to cell damage. Possibly, not all anti-
AQP4-binding antibodies cause cell-mediated astrocyte injury and secondary myelin
damage. A detailed understanding of the immune targets and immunopathogenesis
of NMO will advance efforts to diagnose, monitor, and treat the spectrum of patients
with demyelinating disorders.

5.5 B cells as a Therapeutic Target in MS

The greatest indirect evidence for a pathogenic role of B cells in MS and NMO is de-
rived from recent clinical trials testing B cell-depleting anti-CD20 in these disorders.
CD20 is a surface molecule, which is expressed on a broad range of cells of the B lin-
eage throughout their maturation, starting from pre-B cells all the way up to mature
and memory B cells. It is lost upon terminal B cell differentiation into plasma cells.
Rituximab and its further humanized successor ocrelizumab and ofatumumab are
monoclonal antibodies against CD20, which efficiently deplete circulating B cells
through antibody effector mechanisms such as complement-dependent cytotoxic-
ity, cellular cytotoxicity, as well as induction of apoptosis. Rituximab was originally
developed for treatment of non-Hodgkin’s B cell lymphoma and approved for this in-
dication in 1997. Following several clinical trials, it was also approved for treatment
of patients with RA not responding to TNF-a- blocking agents in 2006. Based on an
ongoing shift in the field of MS research towards the understanding that besides T
cells, B cells and B cell-related immune products may substantially contribute to MS
pathogenesis, growing interest has developed for testing this therapeutic approach
furthermore in MS. In a double-blind placebo-controlled phase II trial with patients
with RR-MS, treatment with rituximab led to a rapid decline in newly developing
(gadolinium-enhancing) inflammatory CNS lesions (Hauser et al. 2008). The trial
included a total of 104 patients, 69 of whom received rituximab at a single course
(administered intravenously 1,000 mg on days 1 and 15), while 35 patients received
placebo. Despite the short trial period of 48 weeks, therapeutic B cell depletion
was associated with a significant reduction in the number of experienced relapses.
In treatment of primary progressive (PP)-MS, a double-blind, placebo-controlled
phase II/III trial of rituximab was conducted, which included 439 patients who re-
ceived rituximab (two infusions of 1,000 mg each, 2 weeks apart) or placebo every 24
weeks through week 96. Although the primary endpoint, time to confirmed disease
progression, was not reached, rituximab significantly reduced lesion formation in a
subgroup of younger patients with active CNS inflammation (Hawker et al. 2009).
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In a recently reported 24-week, placebo-controlled and active comparator Phase II
study of ocrelizumab, a further humanized anti-CD20 antibody, a total of 220 RR-
MS patients were randomized to one of four arms: 600 mg of ocrelizumab, 2,000 mg
of ocrelizumab (2 infusions at days 1 and 15), placebo or interferon beta-1a 30 pg
i.m. weekly as an open-label arm. This trial demonstrated that ocrelizumab, similar
to rituximab, significantly reduced development of new inflammatory CNS lesions
as well as the annualized relapse rate compared to placebo or to interferon beta-1a
(Kappos et al. 2010). Regarding both drugs’ mechanism of action, abolishment of
cellular B cell functions rather than a secondary decline in potentially pathogenic
antibodies is believed to account for this rapid halt on lesion development. Immuno-
logical analysis of PBMC from patients with RR-MS revealed that anti-CD20 B
cell depletion was associated with a diminished proliferation and proinflammatory
differentiation of T cells, suggesting that abrogation of B cell antigen presentation
may be an important mechanism for the prompt effect of anti-CD20 in treatment of
MS (Bar-Or et al. 2010).
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Chapter 6
Diet, Gut Flora, and Multiple Sclerosis: Current
Research and Future Perspectives

Takashi Yamamura and Sachiko Miyake

6.1 Introduction

Multiple sclerosis (MS) is an autoimmune disease, which is continuously increasing
in developed countries over the last decades (Bach 2002). Efforts to analyze epi-
demiological data sometimes lead to a breakthrough, such as identifying a preventive
strategy for a disease. In fact, long-standing efforts to understand the correlation be-
tween a greater risk of MS and higher latitude have identified lower serum levels of
vitamin D3 resulting from a reduced exposure to sunlight as a manageable risk factor
for MS (Mahon et al. 2003; Munger et al. 2006). As such, research into elucidating
the causes of the increased prevalence and incidence of MS is very important and
could be rewarding.

It is worthwhile to mention that the increase in the number of patients with MS is
particularly remarkable in Japan, where the number of officially registered patients
increased more than 15-fold between 1980 and 2010 (Fig. 6.1a). It was argued
that the increase in the number of Japanese patients with MS might be due to a
better awareness of the disease, or improvement in health care system and medical
technology, including availability of magnetic resonance imaging (MRI) scans across
the country. However, this is obviously not the case as has been discussed by Houzen
et al. (2008, 2012) in interpreting their epidemiological data in Hokkaido. Generally
speaking, an increase in such a short time period should be attributed to environmental
changes and not to genetic factors.

In addition to vitamin D3 deficiency, Epstein—Barr (EB) virus infection and
cigarette smoking are known risk factors for MS in developed countries (Ascherio
and Munger 2007). However, it is unlikely that the Japanese people born in the last
half century have been exposed more heavily to these risk factors than before. In
fact, the number of people who smoke is decreasing in Japan like in other developed
countries. The latest research has indicated that a higher concentration of salt in diet

T. Yamamura (P<) - S. Miyake

Department of Immunology, National Institute of Neuroscience,
National Center of Neurology and Psychiatry, Tokyo, Japan
e-mail: yamamura@ncnp.go.jp

T. Yamamura, B. Gran (eds.), Multiple Sclerosis Immunology, 115
DOI 10.1007/978-1-4614-7953-6_6, © Springer Science+Business Media New York 2013



116 T. Yamamura and S. Miyake

MS

12000

10000

8000 -

6000 -

4000 -

2000 -

Ulcerative colitis
80,000

70,000

60,000

50,000

40,000

30,000 : : - 1

20,000

10,000 |-ovmmmmcsmneg

0

O A O N D o D
2 A &
b O O & P &P

FeFFe &S
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may be a risk factor for MS (Wu et al. 2013; Kleinewietfeld et al. 2013). However,
according to the health report released by the Ministry of Health and Welfare of
Japan, salt consumption is not increasing but rather decreasing in Japan.

It is broadly recognized that westernized lifestyle, including more intake of high-
fat Western diet, has been prevailing all over Japan, which accounts for an increased
prevalence of diabetes and obesity in Japan. As high-fat diet is thought to be a risk
factor of MS (Ascherio and Munger 2007), we assume that westernization of our
eating habits could have greatly altered the immune system of our body, leading to
the increase of MS in Japan.

In this chapter, entitled “Diet, gut flora, and multiple sclerosis,” we overview the
past research and recent progress in this field and discuss how Western diet influences
gut flora (diet-microbiota interaction) and what products from gut bacteria alter the
immune balance (microbiota—immune interaction) towards developing autoimmune
diseases like MS. We also discuss which products of gut bacteria or which compo-
nents within the diet would interact with Th17 (T helper 17) cells or regulatory cells,
including Foxp3™ regulatory T cells (Tregs), invariant natural killer T (iNKT) cells
(Bendelac et al. 2007; Yamamura et al. 2007), and mucosal-associated invariant T
(MAIT) cells (Treiner et al. 2003, 2005).

6.2 Is There a Problem with the Gut Flora in Multiple Sclerosis?

We started asking this question around 2004 when some immunologists emphasized
the importance of intestinal lymphocytes and their dependence on commensal gut
flora (Macpherson and Harris 2004). In 2006, we reported that commensal flora-
dependent lymphocytes called MAIT cells play a regulatory role in experimental
autoimmune encephalomyelitis (EAE; Croxford et al. 2006). We then raised a pos-
sibility that an alteration of gut flora may modulate the immunoregulatory system,
involving MAIT cells, and thereby influence the development of MS. However, this
idea was not readily accepted because very little was known about the mechanism by
which commensal flora influences the immune system. In addition, only few people
paid attention to the fact that the bowel dysfunction is a common symptom of MS,
but cannot be ascribed to neural dysfunction (Chia et al. 1995).

We were encouraged to pursue the research after noticing that the cases of ul-
cerative colitis (UC) and Crohn’s disease (CD) are also greatly increasing in Japan
(Fig. 6.1b). Unlike MS, an etiological role of intestinal microbes was already recog-
nized in the inflammatory bowel diseases (IBD; Sartor 2004; O’Hara and Shanahan
2006). Notably, patients having both MS and IBD have been sporadically reported
(Rang et al. 1982; Kimura et al. 2000). With relevance to this, a recent genome-wide
association study demonstrated single-nucleotide polymorphisms (SNPs) shared by
MS and IBD (International Multiple Sclerosis Genetics Consortium et al. 2011).
Howeyver, the concurrence of MS and IBD had not been correlated to a common en-
vironmental factor that increases the risk of developing these inflammatory diseases.
We then hypothesized that more intake of Western diet, high in fat and sugar but low
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in fiber (plant polysaccharide), might have altered the intestinal commensal flora
not only in IBD but also in MS, and increased a risk of Japanese people developing
MS. Subsequently, we verified this postulate in EAE by altering gut flora with oral
antibiotics treatment. By altering the gut commensal flora of the mice, we were able
to suppress clinical and pathological signs of EAE and inhibit T cell production of
proinflammatory cytokines (Yokote et al. 2008). Subsequently, we found that in-
dependent works from the USA and Germany reported on the role of commensal
intestinal bacteria in the development of EAE (Ochoa-Reparaz et al. 2009; Lee et al.
2011; Berer et al. 2011).

6.3 Diet and the Gut Microbiota

Diet has a considerable impact on shaping the repertoire of gut intestinal microbiota
(Maslowski and Mackay 2011; De Filippo et al. 2010; Turnbaugh et al. 2009; Nagy-
Szakal 2013). Recent analysis of human fecal microbiome actually demonstrated
that gut bacteria from African children are highly enriched in Bacteroides bacteria
having genes encoding enzymes that catalyze plant polysaccharides (De Filippo et al.
2010). As African children take more dietary fibers than European children, this result
can be interpreted as intake of high-fiber diet induces enrichment for commensal
bacteria that can deal with it. Interestingly, it is also of note that an enzyme to
digest carbohydrates present only in marine products was specifically found in the
intestinal microbiota of Japanese people (Hehemann et al. 2010). The gene encoding
the same enzyme was not present in the gut microbiota of French people. The authors
speculated that this gene could have been transferred from marine bacteria to the
intestinal bacteria of the Japanese people, as a result of long tradition of eating
fish, shellfish, and seaweeds. In addition to these association studies, interventional
works in rodent and human showed that changing diet composition would alter the
composition of intestinal flora (Berer et al. 2011; Maslowski and Mackay 2011). For
example, by switching a high-fiber, low-fat diet to a low-fiber, high-fat diet, microbial
compositions of humanized gnotobiotic mice change very rapidly (Turnbaugh et al.
2009). In another study, cellulose supplementation to the diet during the early life
stage of mice altered the composition of intestinal flora and prevented development
of colitis induced in adult (Nagy-Szakal 2013).

Gut commensal microbiota are not harmful but rather accomplish a variety of
beneficial functions for promoting and maintaining health, such as synthesizing vita-
mins and producing short-chain fatty acids (SCFAs) with anti-inflammatory activity.
SCFA, including acetate, propionate, and butyrate, is synthesized through ferment-
ing digestion of dietary fiber by commensal bacteria in the gut. Butyrate is known to
exert anti-inflammatory functions via inhibition of NFkB activation and IkBa degra-
dation (Segain et al. 2000). Recent works have shown that fecal bacterium capable
of synthesizing butyrate is reduced in the intestinal lumen of patients with active CD
(Sokol et al. 2008), indicating the protective role of such bacteria in the pathogenesis
of IBD.
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6.4 Roles of Gut Commensal Flora in Animal Models
of Multiple Sclerosis

Roles of commensal bacteria in the pathogenesis of IBD are broadly supported by
results of rodent and human studies. By contrast, it remained obscure for years
whether the gut microbiota could affect systemic immune responses beyond the
gut and alter the inflammatory pathology in extraintestinal organs. As mentioned
previously, the research of EAE has proven that the role of commensal flora is
not restricted to the pathogenesis of intestinal inflammation but to the autoimmune
disease in the organ distant from the gut. Yokote et al. (2008) induced EAE with
myelin oligodendrocyte glycoprotein (MOG) 35-55 peptide in B6 mice that were
orally given antibiotics, and showed that antibiotics treatment alters the composition
of intestinal microbiota and reduces the clinical and pathological grades of EAE. The
suppressed signs of EAE were associated with reduced Th1 and Th17 responses to
the sensitized peptide MOG 35-55 in the draining lymph nodes. T cells isolated from
the gut-associated lymph nodes showed a selectively suppressed IL-17 production.
Interestingly, the effect of antibiotics treatment was not reproduced in mice that were
deficient for iNKT cells, indicating the possible involvement of iNKT cells in the
suppression of EAE.

In 2009, Ivanov et al. (2009) described that Th17 cell abundance in the lamina
propria of the intestine differs very much between B6 mice obtained from different
sources. Intensive analysis showed that intestinal Th17 cells are heavily influenced by
a bacterium called segmented filamentous bacterium (SFB), which is differentially
colonized in independent colonies. In 2011, Lee et al. (2011) have reported that
although germ-free mice are very resistant against induction of EAE, colonizing
the mice with SFB would restore the susceptibility to EAE, which coincides with
the Th17 cell dependence on SFB. In contrast, Berer et al. (2011) described that
germ-free mice are susceptible to induction of EAE. Instead, they showed that the
commensal flora greatly affects the development of disease in their spontaneous EAE
model created by genetic engineering (Berer et al. 2011). Although details have not
been published yet, bacterium other than SFB may be critical in the development of
the spontaneous EAE.

6.5 Gut Microbiota and Regulatory Cells

Whereas autoaggressive T cells, including Th17 and Th1 cells, trigger the inflam-
mation in organ-specific autoimmune diseases, regulatory cells play a counteracting
role in downmodulating the activity of pathogenic T cells. Accumulating evidences
now indicate that regulatory cells are also influenced by gut commensal microbiota.
Although MAIT cells are widely known to depend on the commensal intestinal flora
(Treiner et al. 2003, 2005), recent works have revealed that Foxp3™ Tregs (Round
and Mazmanian 2010; Ochoa-Reparaz et al. 2010; Atarashi et al. 2011) as well as
iNKT cells (Wei et al. 2010; Wingender et al. 2012; Olszak et al. 2012) are influenced
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by compositions of gut commensal flora. Reduced numbers or altered functions of
these regulatory cells have been linked with the pathogenesis of MS (Venken et al.
2008; Illes et al. 2000; Araki et al. 2003; Miyazaki et al. 2011). An interesting ques-
tion that remains to be answered is whether an alteration of commensal flora would
account for the dysfunction of these regulatory cells in MS.

6.5.1 Foxp3* Tregs

CD4™" T cells expressing the transcription factor Foxp3 and known as Foxp3™ Tregs
play a critical role in the control of autoimmune diseases such as MS (Venken et al.
2008). Recent works have indicated that a zwitterionic capsular polysaccharide A
(PSA) of human Bacteroides fragilis (B. fragilis) could induce the Foxp3™ Tregs in
mice. Round and Mazmanian (2010) demonstrated that monocolonization of germ-
free mice with B. fragilis increased the suppressive functions of Tregs in the gut,
and further revealed that PSA from B. fragilis would mediate the conversion of
CD4" T cells into Foxp3* Tregs. Kasper and colleagues showed that oral PSA
treatment is protective against EAE. They suggested that PSA-induced CD103*
dendritic cells would contribute to the EAE suppression by inducing IL-10- producing
Tregs (Ochoa-Reparaz et al. 2010).

After showing that Foxp3™ Tregs are particularly enriched in colon, Atarashi et al.
(2011) revealed that spore-forming colon bacteria, particularly clusters IV and XIVa
of Clostridium species, are essential for promoting accumulation of Foxp3™* Tregs
in the colonic mucosa. They also showed that oral inoculation of the Clostridium
species during early life of conventionally reared mice would protect against colitis
development and systemic IgE responses in adult. Although the precise mechanism
of inducing Tregs remains unclear, these works indicate that inoculation of bacterium
or their component capable of inducing Tregs may be considered as a therapeutic
option for immune-mediated diseases in the future.

6.5.2 INKT Cells

iNKT cells are unique T lymphocytes that express invariant T cell antigen receptor
(TCR), which comprises an invariant a-chain and a noninvariant $-chain biased for
usage of particular VP gene segments (Fig. 6.2; Bendelac et al. 2007; Yamamura et al.
2007). Unlike conventional T cells, the invariant T cells express NK cell markers
such as NKI1.1 in mice and recognize glycolipid antigen bound to CD1d, a non-
classical major histocompatibility complex (MHC) class I-like molecule. Functional
uniqueness of the cells is its ability to produce excessive amounts of proinflamma-
tory cytokines (interferon-y) and anti-inflammatory cytokines (IL-4, IL-13) within
hours after TCR ligation. iNKT cells play either protective or augmenting effects in
models of autoimmunity, depending on the context of how they are stimulated. Full
stimulation of the cells with a-galactosylceramide, a strong agonist for iNKT cells,
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iNKT Cell MAIT Cell

Fig. 6.2 Mice invariant natural killer T (iNKT) cells and mucosal-associated invariant T (MAIT)
cells. TCR T cell antigen receptor, APC antigen-presenting cell

leads to production of both pro- and anti-inflammatory cytokines; whereas a partial
agonist such as OCH (Miyamoto et al. 2001), an analogue of a-galactosylceramide
with shorter lipid tail, would selectively induce production of anti-inflammatory
cytokines (Bendelac et al. 2007; Yamamura et al. 2007; Miyamoto et al. 2001;
Oki et al. 2004). iNKT cells are reduced in number in the peripheral blood of MS
(Iles et al. 2000; Araki et al. 2003), but can be detected in brain lesions of MS
(Illes et al. 2000). The cells can be identified by flow cytometry as cells stained
with CD1d tetramer loaded with a-galactosylceramide. iNKT cells react to vari-
ous lipid ligands derived from bacteria (Yamamura et al. 2007; Kinjo et al. 2005;
Changetal. 2011). For example, lipid ligands derived from Sphingomonas bacterium
(Kinjo et al. 2005) would stimulate iNKT cells in a CD1d-restricted manner.

It has recently been demonstrated in germ-free mice or restricted flora (RF) mice
that iNKT cells are also under control of gut commensal microbiota (Wei et al.
2010; Wingender et al. 2012; Olszak et al. 2012). Whereas Braun and Kronenberg
observed a moderate reduction of iNKT cells in germ-free mice, they also noted a
more remarkable iNKT cell reduction in RF mice (Wei et al. 2010). The NKT cell
reduction in RF mice was mediated by cytolytic killing of iNKT cells by CD8* T
cells. In another study, they also showed the functional immaturity of iNKT cells
in germ-free mice. The NKT cell functions were restored after inoculating the mice
with Sphingomonas bacteria that carry lipid ligands for iNKT cells (Wingender et al.
2012). Blumberg et al. described that in germ-free mice iNKT cells are accumulated
in the lamina propria of colon and lung. The abnormal accumulation of iNKT cells
was then interpreted as accounting for an increased morbidity of the mice following
induction of IBD or allergic asthmas in adulthood (Olszak et al. 2012). Colonization
with conventional flora during early life prevented the accumulation of iNKT cells
and reduced the morbidity of accompanying pathology in the colon or lung.
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We have previously described that preventive antibiotics treatment for EAE in
B6 mice did not show any effect in mice deficient for iNKT cells, including B2-
microglobulin~/~ mice, CD1d~/~ mice, and TCR Ja281~/~ mice (Yokote et al.
2008). This result may indicate that iNKT cells may possess a sensor for detecting
the change of intestinal environment following antibiotics treatment. It is also of note
that high-fat diet induces a reduction of iNKT cells in the liver (Miyazaki et al. 2008;
Ma et al. 2008) and reduces the ability of mice to mount Th1 responses after exposure
to a-galactosylceramide. It remains unclear whether the alterations of iNKT cells by
a high-fat diet can be explained by accompanying alterations of gut flora, although
probiotics treatment restores iNKT cell defects observed in the mice given a high-fat
diet (Ma et al. 2008).

6.5.3 Mucosal Associated Invariant T Cells

MAIT cells are invariant T cells with an invariant TCR a-chain and semi-invariant
B-chain, reminiscent of iNKT cells (Fig. 6.2; Treiner et al. 2003, 2005). MAIT cells
are abundantly present in the peripheral blood of healthy subjects, but are significantly
reduced in number in MS (Miyazaki et al. 2011). Possibly, reflecting their abundance
in human, MAIT cells can be readily detected in the cerebrospinal fluid and brain
lesions of MS (Illes et al. 2004). MAIT cells could inhibit development of EAE
(Croxford et al. 2006), but would augment the autoimmune pathology in arthritis
models (Chiba et al. 2012). Previous works showed that MAIT cells are restricted
by MRI1, a nonclassical MHC class I-like molecule (Treiner et al. 2003, 2005).
Although TCR ligands for MAIT cells are present in numerous bacteria and yeast,
its identity remains unclear. A recent study showed that crystal structure of MR1
molecule is best suited for binding a ligand originating from vitamin metabolites
(Kjer-Nielsen et al. 2013). They demonstrated that a metabolite of folic acid (Vit
BY) is a potential ligand for MAIT cells, as it was present as making a complex with
MR1. However, since the pterin ring of the metabolite, potentially recognized by
MAIT-TCR, was sequestered within MR1, the Vit B9 metabolite was not licensed
as an MAIT ligand. Further study has revealed that a metabolite of riboflavin (Vit
B2) would bind to MR1 and stimulate MAIT cells in an MR1-restricted manner.
This striking work indicates that microbial synthesis of Vit B2 may be critical for
producing MAIT cell ligands and maintaining MAIT cells in the gut mucosa. Its
implications in biology and medicine remain to be further explored.

6.6 Perspectives

Results of experimental works as well as epidemiological studies allow us to support
the importance of intestinal environment in maintaining health, which is greatly af-
fected by microbiota—immune as well as diet—microbiota interactions. Of particular
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interest, nutritional factors previously reported to show protective effects on MS
include vegetable protein, dietary fiber, cereal fiber, vitamin C, thiamin, riboflavin,
calcium, and potassium (Ghadirian et al. 1998). As discussed earlier, dietary fibers
promote bacterial production of butyrate capable of maintaining intestinal home-
ostasis, whereas riboflavin metabolites may be able to stimulate MAIT cells. It is
also of note that green vegetables contain ligands for aryl hydrocarbon receptor ex-
pressed by Th17 cells (Veldhoen et al. 2008). Along with rapid progress in basic
research, anecdotal or fragmental works, supporting diet therapy of MS, could be
now reevaluated based on more solid scientific background.

Opposed to traditional views, we now know that changing diet compositions
could very rapidly alter gut flora and the immune system. In rodent, antibiotics treat-
ment during the induction phase of EAE just for 1 week was found to significantly
downmodulate clinical and pathological signs of EAE (unpublished data). Lately,
we have more chances to see Japanese patients with MS in our clinic in Tokyo, who
have developed the disease in Western countries during their transient stay for study
or business, or patients with MS who lived abroad before diagnosis. Similarly, a twin
study for IBD in Germany indicated that living abroad before diagnosis is among
the risk factors for IBD, in addition to westernization, cigarette smoking, and dietary
habit (Spehlman et al. 2012). As such, epidemiological analysis regarding MS should
be extended to people who were only transiently exposed to certain environmental
risks. Applying modern techniques for analyzing lymphocytes, intestinal content,
and microbiome, research into “Diet, gut microbiota, and MS” will possibly reveal
a role of particular gut bacterium in the pathogenesis of MS or lead to a preventive
strategy for MS, including science-based diet therapy.
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Chapter 7
GM-CSF in Autoimmune Inflammation
of the Central Nervous System

Mohamed El-Behi, Bogoljub Ciric and Abdolmohamad Rostami

7.1 Introduction

Multiple sclerosis (MS) is an autoimmune demyelinating disease of the central ner-
vous system (CNS). MS was first described over a century ago, and despite advances
in therapy, it remains the major disabling neurological disease in young adults (Nose-
worthy et al. 2000). It is believed that MS, like its animal model, experimental
autoimmune encephalomyelitis (EAE), is mediated by myelin-specific CD4* T cells
that infiltrate the CNS (Kuchroo et al. 2002). In the CNS, these autoreactive CD4™
T cells are activated by local and invading antigen-presenting cells (APCs), and then
initiate inflammation by secreting various proinflammatory mediators that attract and
activate other immune cells, including monocytes, B cells, CD8" T cells, and granu-
locytes (Williams et al. 1994). Accumulation of immune cells in localized CNS areas
leads to injury and remodeling of local CNS tissue and formation of MS lesions or
plaques, resulting in loss of neurologic function and disability (Williams et al. 1994).
CD4™" T cells are viewed as pivotal in initiation and evolution of these processes of
autoimmune CNS inflammation.

It was thought that the Th1 subset of CD4™ T cells that produce IFN-y, and are
driven by IL-12 were the only pathogenic Th lineage in MS and EAE (Kuchroo et al.
2002). Several observations supported an important role of Thl cells and IFN-y in
pathogenesis of EAE and MS. In CNS lesions, IFN-y is abundant in both EAE and
MS and administration of IFN-y to MS patients worsened disease severity (Ando
et al. 1989; Panitch et al. 1987; Traugott and Lebon 1988). T-bet is the master tran-
scription factor in Th1 lineage differentiation and T-bet™/~ mice are resistant to EAE
(Bettelli et al. 2004). Similarly, mice lacking STAT4~/~, a transcription factor in-
volved in IL-12 signaling, have impaired IFN-y production in response to IL-12 and
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are resistant to the induction of EAE (Chitnis et al. 2001). However, it has now been
shown that neither IFN-y nor IL-12 is necessary for EAE development and that both
of them actually suppress disease. These surprising findings contradicted the Thl
paradigm (Gran et al. 2002; Krakowski and Owens 1996; Tran et al. 2000; Zhang
et al. 2003). The identification of the cytokine IL-23 as pivotal in EAE pathogenesis
and its fundamental role in the biology of IL-17A- producing CD4" T (Th17) cell
lineage led to a new model of autoimmune CNS inflammation, with Th17 cells as
its principal cellular mediators (Cua et al. 2003; Harrington et al. 2005; Ivanov et al.
2006; Langrish et al. 2005; Park et al. 2005). Support for this view came from data
showing that IL-237/~ mice do not develop Th17 cells after immunization and are
resistant to EAE induction (Cua et al. 2003; Langrish et al. 2005). Furthermore,
IL-17A-deficient animals developed less severe EAE and administration of IL-17
neutralizing antibodies (Abs) ameliorated disease (Hofstetter et al. 2005; Ishigame
etal. 2009; Nakae et al. 2003). Elevated amounts of IL-17A have been found in brain
lesions and cerebrospinal fluid of MS patients (Lock et al. 2002; Matusevicius et al.
1999), and IL-17A facilitated migration of human Th17 cells through the blood—
brain barrier (BBB) by disrupting endothelial cell tight junctions (Kebir et al. 2007).
However, other studies showed that neither IL-17A nor IL-17F plays a significant
role in EAE development (Haak et al. 2009). Although the majority of available data
show that IL-17A is a contributing factor, its relevance in EAE pathogenesis requires
further elucidation. One possibility is that IL-17A directs the localization of CNS
inflammation. Indeed, both myelin-specific Th1 and Th17 cells can transfer EAE to
naive recipients, inducing similar clinical impairment but with a distinct type and
localization of lesions (Kroenke et al. 2008; Stromnes et al. 2008). Th17 cells mainly
induced brain inflammation, whereas mice that received Th1 cells developed spinal
cord lesions (Kroenke et al. 2008; Stromnes et al. 2008). Furthermore, Thl and
Th17 cells, perhaps due to effects of their respective hallmark cytokines, IFN-y and
IL-17A, attract distinct types of myeloid cells into the CNS. In Th1-mediated EAE,
inflammatory CNS infiltrate is dominated by monocytes, whereas large proportions
of granulocytes and, in particular, neutrophils are present in the infiltrate when Th17
cells are the principal mediators of CNS inflammation (Kroenke et al. 2008). Col-
lectively, these data demonstrate that, while contributing to disease, neither IFN-y
nor IL-17 is crucial for EAE susceptibility and that other product(s), some of them
possibly yet unknown, secreted by Thl and Th17 cells play a major role in disease
development.

Although Th17 cells require exposure to IL-23 to become encephalitogenic
(McGeachy et al. 2009), the initial commitment of murine naive T cells toward Th17
lineage is directed by TGF-B and IL-6 (Bettelli et al. 2006; Veldhoen et al. 2006) or
IL-21 (Korn et al. 2007). IL-23 itself cannot drive the initial development of Th17
cells, but it is required for maturation of Th17 cells into fully functional effector
cells (McGeachy et al. 2009). The mechanisms underlying functional dependency
of Th17 cells on IL-23 are not fully understood.

A recent article presents the finding that, among different TGF-f isoforms, TGF-
B3 in combination with IL-6 induces highly pathogenic Th17 cells (Lee et al. 2012).
Furthermore, TGF-f3 production by developing Th17 cells is dependent on IL-23
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(Lee etal. 2012). Th17 cells secrete a range of mediators, including IL-17A, IL-17F,
IL-22, and granulocyte—macrophage colony-stimulating factor (GM-CSF). Although
IL-17A contributes to the inflammatory capacity of Th17 cells in EAE, the studies
mentioned earlier show that IL-17A~/~ mice are still susceptible to disease, albeit
less than wild-type (WT) mice (Haak et al. 2009; Hofstetter et al. 2005; Ishigame
etal. 2009; Nakae et al. 2003). Similarly, IL-22 is not required for the development of
EAE, which raises the question which factor(s) mediate(s) Th17 cell pathogenicity
(Kreymborg et al. 2007). Among T cell cytokines, TGF-f production by T cells
seems to be necessary for EAE development; however, TGF-f acts primarily in an
autocrine manner, by stabilizing the Th17 lineage, but does not directly contribute to
the disease process (Gutcher et al. 2011). Interest in GM-CSF has been invigorated
by recent findings showing that GM-CSF production by Th17 cells is driven by
IL-23, revealing a link between IL-23-dependent disease development and GM-
CSF as a downstream effector that promotes disease processes (Codarri et al. 2011;
El-Behi et al. 2011; Figs. 7.1 and 7.2). Thus, GM-CSF produced by Th17 cells plays
a fundamental and nonredundant role in pathogenesis of EAE, making this cytokine
an important candidate for designing future therapeutic strategies (Becher and Segal
2011; Codarri et al. 2011; El-Behi et al. 2011; King et al. 2010; Kroenke et al. 2010;
McGeachy 2011; Ponomarev et al. 2007; Sonderegger et al. 2008; Figs. 7.1 and 7.2).

In this chapter, we describe recent advances in our knowledge of GM-CSF biology,
such as its cellular sources and targets, and possible mechanisms of its action in EAE
and MS. Regulation of GM-CSF expression in Th cells by cytokines such as TGF-8,
IL-23, IL-12, IL-27, and IL-1P and transcription factors T-bet and RORyt are also
discussed.

7.2 Biology of GM-CSF

Colony-stimulating factors (CSFs), such as GM-CSF, granulocyte colony-
stimulating factor (G-CSF), and macrophage colony-stimulating factor (M-CSF)
regulate the homeostasis of several hematopoietic cell types that originate from bone
marrow multipotent progenitors. G-CSF and M-CSF stimulate production of either
granulocytes or monocytes/macrophages, respectively, whereas GM-CSF stimulates
development of both cell types (Burgess and Metcalf 1980).

In addition to its roles in the growth and maturation of bone marrow precursor
cells, GM-CSF regulates the functional activities of several myeloid effector cells,
including macrophages, neutrophils, basophils, and eosinophils, as well as dendritic
cell (DC) maturation (Burgess and Metcalf 1980). Systemic administration of
GM-CSEF, or increase in its levels due to inflammation or infection, leads to the mo-
bilization of monocytes and other myeloid populations from bone marrow to blood
(Hart et al. 1988). GM-CSF primes monocytes for an increased in vitro response to
other stimuli such as LPS or IFN-y (Fleetwood et al. 2005; Hamilton and Anderson
2004; Stanley and Burgess 1983). GM-CSF can also mobilize precursors of non-
hematopoietic lineages, such as endothelial cells (Takahashi et al. 1999). GM-CSF
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Fig. 7.2 GM-CSF production by Th1 and Th17 cells is required for their encephalitogenicity. Wild-
type or Csf2=/~ MBPc1—11) TCR-transgenic splenocytes were activated for 72 h with MBPac1—11)
in the presence of IL-12 (Thl conditions) or TGF-p plus IL-6, anti-IFN-y, and anti-IL-4 (Th17
conditions), then allowed to “rest” for 2 days in the presence of IL-2 and then reactivated for 72h
with MBP(aci—11) in the presence of IL-12 (Th1 conditions) or IL-23 (Th17 conditions). Clinical
scores of mice that received 5 x 10 MBP.;_11y-specific wild-type or Csf2~/~ Thl or Thl7
cells enriched by magnetic beads after the second stimulation in the presence of 1L-23, followed
by intraperitoneal injection of pertussis toxin on days O and 2 after transfer are shown. Data are
representative of two independent experiments. Error bars standard error of the mean, GM-CSF
granulocyte—macrophage colony-stimulating factor, 7h T helper cell. (Figure first published in
Nature Immunology, El-Behi et al. 2011)

is widely used as an adjuvant (Armitage 1998), and inflammatory DCs, in particular,
appear to depend on GM-CSF for their in vivo generation (Shortman and Naik 2007).
Overall, GM-CSF can be viewed as a major regulator in the control of granulocyte
and macrophage lineage populations at all stages of maturation.

GM-CSF is a secreted single-chain glycosylated protein of 23 kDa (Whetton and
Dexter 1989), which can be produced by either bone marrow-derived cells, such as
activated T cells (Codarri et al. 2011; El-Behi et al. 2011; Ponomarev et al. 2007)
and monocytes/macrophages (Hamilton 1994), or by resident tissue cells, including
renal parenchymal cells (Timoshanko et al. 2005), fibroblasts (Zucali et al. 1986),
endothelial cells (Bagby et al. 1986), chondrocytes (Campbell et al. 1991; Leizer
et al. 1990), and smooth muscle cells (Filonzi et al. 1993). GM-CSF acts through
binding to its heterodimeric receptor. The GM-CSF receptor (CSF2R) is composed
of a specific ligand-binding subunit (CSF2Ra) that binds GM-CSF with low affinity,
and a common signal-transduction subunit (CSF2Rp; Gearing et al. 1989; Metcalf
1993; Whetton and Dexter 1989), which is shared with the receptors for IL-3 and
IL-5 (Hercus et al. 2009; Kitamura et al. 1991; Tavernier et al. 1991). In addition
to leukocytes, nonhematopoietic cell types (i.e., keratinocytes, smooth muscle cells,
endothelial cells, epithelial cells, and neurons) can also express CSF2R and respond
to GM-CSF stimulation (Baldwin et al. 1989; Bussolino et al. 1989; Bussolino et al.
1991; Choi et al. 2007; Dedhar et al. 1988; Hancock et al. 1988; Rivas et al. 1998;
Soldi etal. 1997). The binding of GM-CSF to its receptor initiates signal transduction
involving JAK2, STATS, and MAPK (Dijkers et al. 1999; Jenkins et al. 1998).

Mice deficient in GM-CSF or CSF2R develop normally and without significant
alterations in myeloid cell numbers or their phenotype in steady state conditions
(Robb et al. 1995; Stanley et al. 1994). However, these mice have a defect in alveolar
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macrophage maturation, resulting in alveolar proteinosis (Stanley et al. 1994). Some
findings suggest that GM-CSF plays a major role in local tissue myelopoiesis at the
site of injury and/or infection rather than participating only in the central production
of myeloid cells in bone marrow (Fleetwood et al. 2005; Shibasaki et al. 2007).
After infectious challenge, GM-CSF~/~ mice develop altered immune responses to
several types of pathogens, but not all, indicating an important role for GM-CSF in
host response to microbes (Bender et al. 1993; LeVine et al. 1999; Riopel et al. 2001;
Zhan et al. 1998). In addition, mice overexpressing GM-CSF develop a multiorgan
tissue damage syndrome characterized by large infiltration of activated macrophages
(Lang et al. 1987). Furthermore, several inflammatory mediators were augmented
in these mice, suggesting that GM-CSF may regulate expression of other cytokines
(Lang et al. 1987).

Consistent with its proinflammatory functions, GM-CSF blocking resulted in sup-
pression of disease in virtually all animal models of inflammation and autoimmunity
that have been tested. GM-CSF has well-established roles in the following diseases:
arthritis (Campbell et al. 1998; Cook et al. 2001), autoimmune CNS inflammation
(McQualter et al. 2001), nephritis (Kitching et al. 2002; Timoshanko et al. 2005),
lung diseases (Bozinovski et al. 2004; Bozinovski et al. 2002; Cates et al. 2004;
Vlahos et al. 2006; Yamashita et al. 2002), atherosclerosis and vascular injury (Diti-
atkovski et al. 2006; Shindo et al. 1999), cancer (reviewed in Armitage 1998), obesity
(Reed et al. 2005), and type 1 diabetes mellitus (Gaudreau et al. 2007). In summary,
GM-CSF can be viewed as a major inflammatory mediator and thus represents a
potential therapeutic target in a number of inflammatory diseases.

7.3 GM-CSF as a T Cell Cytokine

GM-CSF impacts the biology of several cell types in steady state and/or in inflam-
matory conditions as well. The fact that GM-CSF deficiency or blockade ameliorates
disease in most CD41 T cell-driven experimental models of autoimmunity and
inflammation suggests that CD4% T lymphocytes are important producers of GM-
CSF. Indeed, both human and mouse GM-CSF have been cloned using cDNA from
activated T cells (Cantrell et al. 1985; Gough et al. 1985). Several types of T lym-
phocytes, including CD4% and CD8" T cells, secrete GM-CSF (Min et al. 2010).
Interestingly, when naive or effector populations were compared for their GM-CSF
secretion profile, naive CD4* T cells did not produce GM-CSF whereas naive CD8"
T cells did, suggesting that GM-CSF is regulated differently in these two cell types
(Min et al. 2010). In addition to CD4" and CD8* T cells, natural killer T (NKT)
cells and epidermal T lymphocytes produced the largest amounts of GM-CSF while
GM-CSF was barely detectable in CD4TCD25™ regulatory T cells (Tregs) or y3 T
cells cultures (Min et al. 2010). However, during EAE, CNS-infiltrating y3 T cells
expressed GM-CSF, which suggests that an inflammatory environment can induce
GM-CSF in these cells (Lukens et al. 2012).



7 GM-CSF in Autoimmune Inflammation of the Central Nervous System 133

Among various CD4* T cell subsets, GM-CSF is secreted by Th1, Th2, and Th17
cells (Infante-Duarte et al. 2000; Quill et al. 1989). Depending on experimental con-
ditions, several investigators have shown that CD4™ T cells secrete variable amounts
of GM-CSF after stimulation with anti-CD3 Ab (Horwood et al. 1998; Leppkes et al.
2009; Marti et al. 1996). Early studies concluded that GM-CSF promotes T cell
proliferation because of its ability to augment immune responses to tumor antigens
(Disis et al. 1996; Dranoff et al. 1993). However, GM-CSF cannot directly influence
T cell biology given that T cells do not express the GM-CSF receptor (Miyamoto
et al. 2002; Park et al. 1986). Thus, when isolated T cells of naive GM-CSF~/~ mice
were stimulated with anti-CD3 Ab, their proliferation was similar to T cells of WT
mice, indicating that the proliferative potential of T cells is independent of GM-CSF
(Wada et al. 1997). In contrast, splenocytes from immunized GM-CSF~/~ mice
showed impaired proliferative response in comparison with splenocytes from WT
mice (Wada et al. 1997). When GM-CSF~/~ T cells were stimulated in the presence
of GM-CSF*/* APCs, proliferation was still reduced, demonstrating that GM-CSF
produced by T cells plays an important role in immune response (Sonderegger et al.
2008; Wada et al. 1997). Sonderegger et al. (2008) have identified a possible mech-
anism of action of T cell-derived GM-CSF in development of T cell response. The
authors have demonstrated that GM-CSF produced by CD4™ T cells stimulates IL-6
and IL-23 secretion by APCs, which in turn promotes T cell proliferation and sur-
vival (Fig. 7.3). Although these data demonstrate that GM-CSF production by T cells
contributes indirectly to their proliferation in vitro, it cannot be excluded that non-T
cell sources of GM-CSF are also important for T cell functions in vivo.

7.4 GM-CSF in Autoimmune CNS Inflammation

GM-CSF is detectable in healthy human and mouse CNS and is produced mainly by
astrocytes (Dame et al. 1999; Malipiero et al. 1990). It has been proposed that GM-
CSF, together with other cytokines produced by astrocytes, may contribute to local
regulation of microglia function (Franzen et al. 2004; Malipiero et al. 1990). Indeed,
GM-CSF can stimulate the antigen-presenting capacity of quiescent microglia cells
(Re et al. 2002; Fig. 7.3). GM-CSEFR is expressed in neurons and several glial cells,
including astrocytes and oligodendrocytes, suggesting that GM-CSF can regulate the
physiology of these cells as well (Sawada et al. 1993). Whether GM-CSF signaling
in these glial cells has an effect on CNS inflammation has not been investigated.
GM-CSF is essential for the development and progression of EAE. Mice deficient
in GM-CSF are resistant to EAE induction and blockade of GM-CSF in WT mice
suppresses established disease (McQualter et al. 2001). Treatment of GM-CSF~/~
mice with recombinant GM-CSF restored their susceptibility to EAE (McQualter
etal. 2001). Overexpression of GM-CSF by encephalitogenic T cells resulted in more
severe clinical disease (Marusic et al. 2002). In this model, GM-CSF-overexpressing
T cells led to an increase in numbers of CNS-infiltrating cells and mice failed to
recover from EAE (Marusic et al. 2002). In humans, as with most other cytokines,
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Perivascular space

Astooite Microglia

CNS parenchyma

Fig. 7.3 Central role of GM-CSF in autoimmune CNS inflammation. Encephalitogenic Th1 and
Th17 cells that have been activated in the periphery enter the circulation, cross the blood—brain
barrier (BBB) to reach the perivascular space. GM-CSF produced by Th1 and Th17 cells triggers
the recruitment of inflammatory macrophages and DCs to the CNS to initiate experimental autoim-
mune encephalomyelitis (EAE). In response to T cell-derived GM-CSF-infiltrating macrophages,
DCs and resident microglia secrete IL-23, which in turn participates in Th17 cell reactivation and
perpetuation of inflammation. GM-CSF granulocyte—macrophage colony-stimulating factor, CNS
central nervous system, DC dendritic cell, IL interleukin, 7/ T helper cell

there is no direct evidence of the role played by GM-CSF in MS, but elevated GM-
CSF in cerebrospinal fluid has been shown to correlate with the active phase of MS
(Carrieri et al. 1998). These cumulative observations indicate that GM-CSF has a
critical role in CNS autoimmunity.

Based on these data, subsequent studies have focused on defining the mechanism
of action of GM-CSF in CNS inflammation. While various cells can produce it, GM-
CSF from myelin-specific CD4* T cells is essential to EAE development (Codarri
etal. 2011; El-Behi et al. 2011; Kroenke et al. 2010; Ponomarev et al. 2007), as other
cellular sources of GM-CSF do not substantially contribute to disease induction. Ini-
tially, resistance of GM-CSF~/~ mice to EAE was attributed solely to inefficient T
cell priming in the periphery (McQualter et al. 2001). In subsequent studies using the
adoptive EAE model, GM-CSF~/~ MBP-specific T cells activated in vitro failed to
induce EAE, even when activated in the presence of the GM-CSF source, indicating
that a defect in T cell priming does not explain resistance to EAE of GM-CSF~/~
mice (Ponomarev et al. 2007). These findings demonstrate that GM-CSF plays a
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crucial role in EAE during the effector and not the priming phase. The same au-
thors have demonstrated that GM-CSF produced by T cells activates microglia and
concluded that T cell-derived GM-CSF mediates EAE through a mechanism that
likely relies on activation of microglia (Ponomarev et al. 2007; Fig. 7.3). These data
were in agreement with previous studies showing that GM-CSF potently activates
microglia (Aloisi et al. 2000; Re et al. 2002). However, the following observations
demonstrated that CNS-invading myeloid cells rather than resident microglia are rel-
evant targets of GM-CSF produced by encephalitogenic T cells (Codarri et al. 2011;
Fig. 7.3). Chimeric mice generated by reconstitution of WT mice with bone marrow
cells deficient in the GM-CSFR were resistant to EAE, whereas GM-CSFR~/~ mice
reconstituted with WT stem cells developed disease, demonstrating that GM-CSF
responsiveness of radio-resistant microglia (or other CNS cell types) is not crucial
to EAE development (Codarri et al. 2011; Fig. 7.3). Consistent with these findings,
administration of recombinant GM-CSF to immunized GM-CSF~/~ mice triggered
Ly6C* monocyte infiltration into the CNS, where they differentiated into inflam-
matory DCs and restored susceptibility to EAE (King et al. 2009). Additional data
indicate that GM-CSF~/~ mice are selectively deficient in a subset of dermal DCs
expressing langerin and CD103, and depletion of this subset in WT mice conferred
resistance to EAE (King et al. 2010). The authors concluded that CD103* DCs play
a crucial role in EAE development by acquiring the antigen after immunization and
transporting it to draining lymph nodes, where an encephalitogenic immune response
is then initiated. It is now clear that GM-CSF plays a crucial role in EAE during the
effector phase of EAE and that peripheral myeloid cells are relevant cellular targets
of its bioactivity. The action of GM-CSF on Ly6C™" inflammatory monocytic lineage
(M1 monocytes) is likely responsible for crucial disease-promoting effects of GM-
CSF in EAE. However, other myeloid cell types, especially CX3CR17 resident (M2)
monocytes and neutrophils, can be relevant targets of GM-CSF as well. Although
GM-CSF responsiveness of microglia seems not to be important in EAE, in con-
trast with previous findings (Ponomarev et al. 2007), microglia have been shown to
be important for CNS antigen presentation and additionally as mediators of epitope
spreading in EAE (McMahon et al. 2005; McRae et al. 1995). Furthermore, activated
microglia secrete IL-23 during disease progression, which can in turn sustain local
inflammation and T cell activation (Becher et al. 2003; Li et al. 2008; Fig. 7.3). Given
that GM-CSF plays a crucial role during the effector phase of EAE development, it is
likely that the CNS represents the most important site of its action. Nonetheless, the
importance of its systemic effects, such as mobilization of inflammatory monocytes
from bone marrow, cannot be excluded at this point.

Both Th1 and Th17 cells can be encephalitogenic, and both lineages can produce
GM-CSF, which raises the questions whether Th1 or Th17 cells are the major source
of GM-CSF in EAE, and whether encephalitogenicity of both Th lineages depends
on their GM-CSF production. Kroenke et al. (2008) have shown in an adoptive EAE
model in SJL mice that administration of anti-GM-CSF mAb inhibited disease in
mice that had received IL-23-stimulated myelin-specific CD41 T cells (enriched
Th17 cells) but not disease induced by transferring CD4™ T cells treated with IL-12
(enriched Thl cells). These data indicate that Th17 cells could be the major producer
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of GM-CSF in EAE. Importantly, the data also suggest that, contrary to Th17 cells,
encephalitogenicity of Thl cells does not depend on their GM-CSF production,
implying that other proinflammatory mediators produced by Th1 cells can substitute
for GM-CSF. Given that in active EAE GM-CSF is necessary for disease to develop,
the aforementioned findings suggest that active EAE is for the most part mediated by
Th17 cells, with perhaps only marginal contribution of Th1 cells. This conclusionis in
agreement with other lines of evidence (i.e., the crucial role of [L-23), demonstrating
that Th17 cells play an essential role in EAE, whereas the role of Thl cells can
be considered negligible. However, the same group later reported that anti-GM-
CSF treatment inhibits adoptive EAE mediated by IL-12-stimulated CD4* T cells
(enriched Th1 cells) in C57B1/6 mice (Kroenke et al. 2010), contradicting their earlier
findings. The reason for this discrepancy is unclear but might be due to different
strains of mice used. Nonetheless, these results preclude definitive conclusions on
the most important Th source of GM-CSF in EAE, and on the role of GM-CSF in
their encephalitogenicity. We have recently shown that encephalitogenicity of both
Th1 and Th17 cells is equally dependent on their GM-CSF expression (El-Behi et al.
2011; Fig. 7.2). In support of our findings is the fact that encephalitogenic CD4" T
cells deficient in both IFN-y and IL-17A, but not GM-CSF, can transfer EAE (Codarri
etal. 2011; Kroenke et al. 2010), demonstrating that this cytokine plays a crucial role
in encephalitogenicity irrespective of the Th lineage that produces it. Furthermore,
these findings have been reproduced using different strains of mice, which clearly
emphasizes a central function of GM-CSF in autoimmune inflammation (Codarri
etal. 2011).

It should be noted that the aforementioned conclusions on the role of GM-CSF in
the encephalitogenicity of Thl and Th17 cells come from adoptive EAE models.
Even though these conclusions are likely to be fully applicable to active EAE, they
do not answer whether Th1 or Th17 cells are the most important source of GM-CSF
in active EAE. Alternatively, GM-CSF production by both Th lineages might be re-
quired for full EAE susceptibility. The question about the most important GM-CSF
source mirrors one that has been raised ever since the Th17 lineage was discovered:
what is the relative importance of Thl and Th17 cells in EAE? This topic is still
a matter of debate, given that available approaches do not enable its unambiguous
experimental testing. The current prevailing view, based on substantial indirect evi-
dence showing a strong correlation between anti-myelin Th17 responses and EAE,
is that Th17 cells are necessary for EAE to develop, at least initially; whereas Th1
cells contribute to disease severity, but in a nonessential manner, and possibly more
substantially later in disease. It is likely that the relative importance of Thl and
Th17 cells as the source of GM-CSF reflects their overall contribution to EAE de-
velopment, with Th17 cells being initially the major producers of encephalitogenic
GM-CSF, whereas later on the contribution of Th1 cell-derived GM-CSF becomes
more significant, or even predominant. To test the relative importance of Thl and
Th17 cells as GM-CSF sources, we would need a model where one of these lineages
does not produce GM-CSF, while the other retains its normal production. Another
layer of complexity is added with the lineage plasticity between Thl and Th17 cells
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(Lee et al. 2009; Nurieva et al. 2009; Zhou et al. 2009). Th17 cells can progres-
sively acquire expression of T-bet and IFN-y, while losing expression of RORyt and
IL-17A, blurring the distinction between Th1 and Th17 cells (Bending et al. 2009;
Martin-Orozco et al. 2009). Of great importance are findings demonstrating that the
vast majority of Thl cells in the CNS of EAE mice arise from Th17 cells (Hirota
etal. 2011). This study used a fate-reporter mouse in which cells that express IL-17A
are permanently marked with enhanced yellow fluorescence protein (eYFP). During
the course of EAE, eYFP* Th17 cells progressively extinguished IL-17A expression
and began producing IFN-y (Hirota et al. 2011). Most of the IFN-yTIL-17A™ T cells
found in the CNS were also eYFP" indicating that the majority of Thl cells found
in the CNS originated from Th17 cells (Hirota et al. 2011). Together with IFN-y,
these eYFP™ Thl cells also coexpressed several inflammatory cytokines, including
GM-CSF. These data demonstrate that the major sources of GM-CSF in EAE are
Th17 and ex-Th17 cells and not “conventional” Th1 cells.

7.5 Regulation of GM-CSF Production by T Cells

T cell production of GM-CSF can be influenced by multiple cytokines. Its expression
is inhibited in the presence of TGF-$ and by Th1 and Th2 cytokines IFN-y and IL-4,
respectively (Codarri et al. 2011; El-Behi et al. 2011; Sagawa et al. 1996; Fig. 7.1).
The inhibition of GM-CSF production by TGF- can explain why Th17 cells treated
with TGF-f plus IL-6 are not pathogenic despite their abundant production of IL-17A
(El-Behi et al. 2011; McGeachy et al. 2007). The anti-inflammatory cytokine IL-10
decreased production of GM-CSF in human peripheral blood mononuclear cells
(PBMCs) stimulated with anti-CD3 Abs, whereas it did not have an effect of GM-
CSF production by isolated CD4™ T cells (El-Behi et al. 2011; Sagawa et al. 1996).
These results suggest that IL-10 has an indirect effect on GM-CSF production by T
cells, probably through an effect on APCs (Fiorentino et al. 1991). In contrast to the
inhibitory effect of the aforementioned cytokines, IL-18 is a potent inducer of GM-
CSF secretion by CD4* T cells (El-Behi et al. 2011; Lukens et al. 2012; Fig. 7.4).
Furthermore, heterodimeric cytokines of the IL-12 family, including IL-12, IL-23,
and IL-27, also regulate and have distinct effects on GM-CSF production by CD4*
T cells (Fig. 7.5). IL-35, a recently identified member of the IL-12 cytokine family,
is produced by activated Treg cells and is required for their suppressive activity
(Collison et al. 2010). Although IL-35 is a potent inhibitor of cytokine production
by T cells, its effects on GM-CSF production by T cells have not been investigated.

IL-12 and IL-27 are potent inhibitors of GM-CSF in Thl cells whereas IL-23
drives production of GM-CSF by Th17 cells (Codarri et al. 2011; El-Behi et al. 2011;
Young etal. 2012; Figs. 7.1 and 7.5). Interestingly, in contrast to its suppressive effect
on Th17 differentiation, IL-27 did not suppress GM-CSF production by committed
Th17 cells but inhibited GM-CSF expression in committed Th1 cells (Young et al.
2012). These results are consistent with findings showing that IL-27 does not suppress
effector functions of committed Th17 cells during EAE (Diveu et al. 2009; El-behi
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Fig. 7.4 IL-1p upregulates GM-CSF expression in Th17 cells. a Flow cytometry of CD4% cells
among CD4+tCD25~CD62LMCD44%° T cells sorted by flow cytometry from the spleens of C57BL/6
mice and differentiated into Th17 cells during the first stimulation, then reactivated for 72 h with
anti-CD3 and anti-CD28 in the presence of either TGF-f plus IL-6 (top row) or IL-23 (bottom
row) in the presence of no cytokines, IL-18 (10 ng/ml) or TNF (10ng/ml), or both. b Enzyme-
linked immunosorbent assay (ELISA) of GM-CSF and IL-17A in culture supernatants after the
second stimulation in a. GM-CSF granulocyte—-macrophage colony-stimulating factor, TNF tumor
necrosis factor, TGF transforming growth factor, /L interleukin. (Figure first published in Nature
Immunology, El1-Behi et al. 2011)

etal. 2009). These data indicate that GM-CSF is differentially regulated in subsets of
Th cells and identification of the molecular pathways that influence IL-23-mediated
regulation of GM-CSF may provide potential therapeutic targets in CNS autoimmune
diseases.

Th cell development is controlled by transcription factors that drive their com-
mitment toward different lineages. Indeed, transcription factors T-bet, GATA-3, and
RORyt drive Thl, Th2, and Th17 developmental programs, respectively. Given that
all three Th lineages produce GM-CSEF, it is likely that none of the aforementioned
transcription factors solely controls GM-CSF expression in Th cells. Even though a
positive correlation was found between GATA-3% cells and GM-CSF* cells in the
nasal mucosa of patients with allergic rhinitis (Nakamura et al. 2000), suggesting
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Fig. 7.5 Effect of cytokines from IL-12 family on GM-CSF production by T cells. The four mem-
bers of the IL-12 cytokine family (IL-12, IL-23, IL-27, and IL-35) are represented together with
their respective receptors. IL-12 and IL-27 inhibit GM-CSF production by Th cells, while IL-23
potentiates it. However, these effects can vary with Th lineage, as, for example, IL-27 inhibits GM-
CSF production by Th1 cells, but not by Th17 cells. The effect of IL-35 on GM-CSF production is
not known. GM-CSF granulocyte—macrophage colony-stimulating factor, /L interleukin

that GATA-3 is involved in GM-CSF expression, to the best of our knowledge there
is no study directly analyzing the role of GATA-3 in GM-CSF production. In contrast
to GATA-3, the roles of T-bet and RORyt in GM-CSF secretion have been studied.
T-bet is clearly not involved in regulation of GM-CSF expression as T-bet-deficient
Th1 and Th17 cells produce normal quantities of GM-CSF (El-Behi et al. 2011).
Studies on the role of RORyt in GM-CSF expression gave conflicting results. In
our study, purified Rorc™/~ CD4* T cells produced similar quantities of GM-CSF
as WT when cultivated in vitro (El-Behi et al. 2011), whereas Codarri et al. found
that Rorc ™/~ T cells are deficient in GM-CSF production (Codarri et al. 2011). In
contrast, splenocytes of Rorc ™/~ mice immunized with MOG3s_ss did not produce
GM-CSF after ex vivo restimulation with MOGs3s_s5 (El-Behi et al. 2011). We ob-
served that splenocytes from Rorc™/~ immunized mice have a reduced proportion
of CD4* T cells when compared to WT immunized mice, which may explain the
reduced amount of GM-CSF produced by Rorc ™/~ splenocytes. These inconsistent
findings warrant additional investigation to conclusively define the role of RORYyt in
GM-CSF production by T cells.

7.6 Conclusion and Perspectives

GM-CSF is essential for the development and progression of EAE. Mice deficient
in GM-CSF are resistant to EAE induction, and blockade of GM-CSF in WT mice
suppresses ongoing disease. While produced by several hematopoietic cell types,
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GM-CSF from CD4% T cells is essential to EAE development, as other cellular
sources of GM-CSF do not substantially contribute to disease induction. These in-
sights were obtained from EAE models that rely on encephalitogenicity of CD41 T
cells, whereas in MS, or certain types of MS, other cell types (i.e., CD8" T cells)
might be pivotal in initiating and perpetuating CNS inflammation. CD8" T cells can
produce large quantities of GM-CSF, suggesting that their pathogenicity in MS might
also depend on GM-CSF. Given its crucial role in EAE, it is expected that GM-CSF
also plays an important role in MS, making it a highly attractive therapeutic target.
A compelling argument for targeting GM-CSF in MS is that its cellular source is
likely to be irrelevant, as irrespective of whether MS is primarily mediated by Th1,
Th17, Tcl, or Tcl7 cells, its role in activation of myeloid cells remains the same.
Interest in targeting GM-CSF in MS has been invigorated by the recent findings
summarized in this review. There are ongoing clinical trials using anti-GM-CSF in
several autoimmune diseases, but not in MS. Current knowledge provides a basic
rationale for clinical testing of anti-GM-CSF in MS.
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Chapter 8

The Role of Toll-Like Receptors in Multiple
Sclerosis and Experimental Autoimmune
Encephalomyelitis

Mukanthu H. Nyirenda, James Crooks and Bruno Gran

8.1 Introduction

Multiple sclerosis (MS) is a chronic disease of the central nervous system (CNS)
characterized by inflammation, demyelination and axonal degeneration. The exact
cause is unknown; however, both genetic and environmental factors are thought to be
involved (Fischer and Ehlers 2008). MS may be mediated by CD4™ T cells that are
reactive against myelin antigens (Frohman et al. 2006). These cells are activated in the
periphery and express adhesion molecules, which facilitate interactions with ligands
present on vascular endothelial cells, resulting in extravasation from the circulation
to the CNS compartment (Compston and Coles 2008). Once in the CNS, myelin-
reactive CD4™ T cells may be reactivated and lead to the characteristic demyelination
and progressive axonal pathology (Frohman et al. 2005). CD8* T cells and B cells
may also contribute to MS pathogenesis (Johnson et al. 2007; Hauser et al. 2008;
Racke and Drew 2009).

Experimental autoimmune encephalomyelitis (EAE), an animal model for MS,
has been a helpful tool for the study of human disease. EAE develops similar
clinical and pathological features to MS. To induce EAE, laboratory animals are im-
munised with myelin-derived peptides in complete Freund’s adjuvant (CFA). CFA
contains killed Mycobacterium tuberculosis and pathogen-associated molecular pat-
terns (PAMPs) from these bacteria that activate innate immune responses, which in
turn promote pathogenic autoreactive T cell responses (Mills 2011). Immunisation
usually also requires Pertussis toxin (PT) injection to promote CNS inflammatory in-
filtration. Many variations of EAE have been developed including acute monophasic,
relapsing—remitting and chronic progressive models as well as models for optic neuri-
tis. Importantly, different EAE models mimic different aspects of MS (Steinman and
Zamvil 2006) and can be useful tools to address specific aspects of MS pathogenesis
(O’Brien et al. 2008). So far, studies on EAE have led to significant breakthroughs
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in understanding the biology of MS and have contributed to the development and
approval of at least three MS therapies, glatiramer acetate (GA), mitoxantrone and
natalizumab (Steinman and Zamvil 2006; O’Brien et al. 2008; Farooqi et al. 2010;
Constantinescu et al. 2011; t Hart et al. 2011).

In addition to lymphocytes that control adaptive immune responses, innate im-
mune cells such as dendritic cells (DCs) and tissue macrophages also play a role in
controlling the pathogenesis of MS and EAE. These cells express pattern recogni-
tion receptors (PRRs) including Toll-like receptors (TLRs) that recognise PAMPs.
Following ligand binding to TLRs, innate immune cells produce pro-inflammatory
cytokines and can serve as antigen-presenting cells (APCs) to prime naive T cells
to recognise antigens in the presence of T cell stimuli and co-stimulatory molecules
(Takeda and Akira 2005). Thus, TLRs play an important role in linking the innate
to the adaptive immune response. In addition, glial cells including astrocytes and
microglia play an important role in protecting the CNS against pathogenic insults.
However, when chronically activated, such glial cells may contribute to the patho-
genesis of MS. This may occur partly through PAMP binding to TLRs present on
these cells, which can contribute to the reactivation of myelin-specific autoreactive
T cells in the CNS (Sanders and De Keyser 2007; Nair et al. 2008). Interestingly,
a variety of resident cells of the CNS express TLRs (Bsibsi et al. 2002). Depend-
ing on the TLR evaluated, TLR expression on CNS cells has been demonstrated to
contribute to oligodendrocyte and neuron cell death (Lehnardt et al. 2003) or alter-
natively to be neuroprotective (Bsibsi et al. 2006). It is also interesting that some
TLRs are expressed on B cell and T cell populations and that TLR signalling can
directly alter adaptive immune responses (Kabelitz 2007; Lampropoulou et al. 2008;
Nyirenda et al. 2011).

8.2 Toll-Like Receptors and Their Signalling Pathways

TLRs were the first PRRs to be identified. They are also the best characterized
and recognise a wide range of PAMPs. TLRs were first discovered in the fruit fly
Drosophila melanogaster. Their discovery was based on homology to the Drosophila
ortholog protein, Toll (Lemaitre et al. 1996). Toll was found to be required in the
fruit fly for proper embryonic development (Anderson et al. 1985). In addition, it
was found that flies that lacked Toll were more susceptible to Aspergillus fumigatus
infection (Lemaitre et al. 1996). This hinted to the possibility that Toll and related
proteins may be important in innate immunity to pathogens and was subsequently
found in mammals and was named Toll-like receptor (Rock et al. 1998). At least 13
TLRs are known so far in humans and mice (Akira 2003; Akira and Hemmi 2003;
Pasare and Medzhitov 2004; Liu and Zhao 2007). Both humans and mice express
TLR1-TLR9, in addition, humans, but not mice, express TLR10 and mice exclu-
sively express TLR11-TLR13 (Chaturvedi and Pierce 2009). TLR1, TLR2, TLR4,
TLRS and TLR6 are localised on the cell surface and largely recognise microbial
membrane components whereas TLR3, TLR7, TLR8 and TLR9 are expressed within
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endosomes and recognise nucleic acids (Blasius and Beutler 2010). Recently, it was
shown that TLR11, arelative of TLRS expressed on the cell surface, is also expressed
in intracellular compartments (Pifer et al. 2011). TLR13 is also expressed in intra-
cellular vesicles although its cognate PAMP has not yet been identified (Blasius and
Beutler 2010).

In addition to TLRs, other PRRs exist that are also involved in PAMP recognition
and the control of innate immunity. These include membrane-bound C-type lectin
receptors (CLRs), cytosolic proteins such as nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs), retinoic acid-inducible gene 1 (RIG-I)-like
receptors (RLRs), unidentified proteins that mediate sensing of cytosolic DNA or
retrovirus infection (Elinav et al. 2011; Kawai and Akira 2011). CLRs are a large
superfamily of membrane proteins comprised of one or more C-type lectin-like
domains, which largely elicit inflammatory responses by recognising fungal and
bacterial PAMPs. RLRs, which include RIG-I, MDAS and LGP2 are RNA helicases
that recognise RNA species released into the cytoplasm in a variety of cell types and
coordinate antiviral programmes via type I IFN induction (Kawai and Akira 2011).
More than 20 members of the NLR family exist (Barbalat et al. 2011).

TLRs are type 1 membrane-spanning receptors that consist of extracellu-
lar leucine-rich repeats (LRRs), a transmembrane domain and a cytoplasmic
Toll/interleukin-1 receptor (TIR) domain, the presence of which defines membership
of the family. Downstream signalling is achieved by the presence of cytoplasmic TIR-
containing adaptor proteins (Akira et al. 2006). There are five TIR domain-containing
adaptors including MyD88, TIR domain-containing adaptor inducing IFN-§ (TRIF;
also known as TICAM —1), TIRAP/Mal, TRIF-related adaptor molecule (TRAM)
and sterile-alpha and armadillo motif-containing protein (SARM) (Takeuchi and
Akira 2010). TLR signalling can be divided into two distinct pathways depending
on the usage of the distinct adaptor molecules, MyD88 and TRIF (Fig. 8.1).

MyDS88 is essential for the downstream signalling of all known TLRs, except
TLR3. Both TLR2 and TLR4 require TIRAP/Mal for bridging between TLR and
MyDS88. In contrast, TLR4 signalling following lipopolysaccharide (LPS) stimula-
tion requires Mal, MyD88 and TRAM as a bridging adapter to TRIF to mediate
MyD88-independent signalling (O’Neill and Bowie 2007). MyD88 interacts with
IL-1R-associated kinase (IRAK)-4, a serine/threonine kinase with an N-terminal
death domain. IRAK-4 activates other IRAK family members, IRAK-1 and IRAK-2
(Kawagoe et al. 2008). The IRAKSs then dissociate from MyD88 and interact with
TNFR-associated factor 6 (TRAF6). TRAF6 acts as an ubiquitin E3 ligases and with
its E2 counterparts, Uev1 A and Ubc13, catalyses the formation of a lysine 63 (K63)-
linked polyubiquitin chain on TRAF6 as well as the generation of an unconjugated
free polyubiquitin chain (Xia et al. 2009; Takeuchi and Akira 2010).

A complex of TGF-B-activated kinase 1 (TAK1), TAK1-binding protein 1 (TAB1),
TAB2 and TAB3 is activated by the unconjugated free K63 polyubiquitin chain and
phosphorylates Ikp kinase (IKK)-B and MAP kinase kinase 6. Consequently, the
IKK complex composed of IKK-a, IKK-f and NF-kf essential modulator (NEMO),
phosphorylates kB, an NF-«kB inhibitory protein (Takeuchi and Akira 2010). Phos-
phorylated IkB undergoes degradation by the ubiquitin-proteasome system, enabling
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Fig. 8.1 Toll-like receptor (TLR) signalling pathways. Upon activation by ligands, TLRs recruit
Toll/interleukin-1 receptor (TIR) adapter proteins MyD88, Mal, TRAM and TRIF, which lead to
recruitment of IRAKSs and consequently the induction of NF-kB-dependent genes, including TNF-
a, IL-12 and IL-6. TLR3 and TLR4 also signal via TRAM and TRIF leading to IRF3-dependent
gene expression. In addition, IRF7 is activated downstream of TLR7, TLR8 and TLR9, which leads
to IRF7-dependent gene expression, including IFN-f and IFN-inducible genes

NF-kB to translocate into the nucleus and activate expression of pro-inflammatory
cytokine genes. Activation of the MAP kinase cascade is responsible for the formation
of another transcription factor complex, AP-1, that targets cytokine genes (Takeuchi
and Akira 2010). A separate pathway to NF-kB and MAP kinase activation following
TLR3 and TLR4 stimulation is mediated by TRIF independent of MyD88. TLR4 trig-
gers both MyD88-dependent and TRIF-dependent signalling. TLR4, but not TLR3,
requires another adaptor, TRAM, for activating TRIF (Takeuchi and Akira 2010).

8.3 Toll-Like Receptor Ligands

Of all PRRs in innate immunity, TLR2 recognises the structurally broadest range
of bacterial compounds. This is possible because TLR2 forms heterodimers with
either TLR1 or TLR6, thus broadening the spectrum of its ligands (Ozinsky
et al. 2000; Takeuchi et al. 2002) and with the lipid scavenger receptor molecule
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CD36 in response to diacylated lipoproteins (Hoebe et al. 2005). For exam-
ple, TLR2 recognises peptidoglycan (PGN) from Gram-positive bacteria such as
Staphylococcus aureus, lipoproteins and lipopeptides (LP) from several bacteria, gly-
cophosphatidylinositol anchors from Trypanosoma cruzi, lipoarabinomannan from
M. tuberculosis, porins from Neisseria meningitidis and zymosan from yeast cell wall
(Akira 2003). TLR2 also recognises synthetic triacylated LP such as N-palmitoyl-S-
[2,3-bis(palmitoyloxy)-(2RS)-propyl]-[R]-Cys-[S]-Ser-[S]-Lys (4) trihydrochloride
(Pam3CSK4/Pam3Cys) that mimics the acylated amino terminus of bacterial LPs
(Akira 2003). TLR10 is another candidate, which could form a heterodimer with
TLR2 on B cells and plasmacytoid dendritic cells (pDCs) (Guan et al. 2010). More-
over, molecular modelling studies revealed that Pam3CysSK4, a potent agonist for
the TLR2/1 heterodimer, may also be the ligand for the human (h) TLR10/2 complex,
while Pam2CysPamSK4, a diacylated peptide, may activate hTLR10/1 heterodimer
and hTLR10 homodimer (Govindaraj et al. 2010).

In addition to bacterial ligands, TLR2 has also been shown to recognise viral-
derived ligands. For example, the envelope proteins from respiratory syncytial virus
(RSV) have been shown to induce inflammatory cytokines and chemokines through
TLR2 and TLR6 (Murawski et al. 2009). Furthermore, it was demonstrated that
TLR2 and TLR6 played an essential role in controlling RSV infection in vivo. In
addition to RSV, the haemagglutinin protein of the measles virus was also reported to
be recognised by TLR2 (Kumar et al. 2009). Of note is that this recognition induced
the production of type I IFNs by inflammatory monocytes (Kumar et al. 2009; Kawai
and Akira 2010).

TLRs are also involved in sensing endogenous signals generated during tissue
injury. One class of endogenous TLR?2 ligands are the heat shock proteins (HSP), in
particular HSP60, HSP70, HSP90, GP96 and HSP22 were reported to be recognised
by TLR2 and TLR4 (Wallin et al. 2002; Roelofs et al. 2006; Warger et al. 2000). It
has been shown that the high-mobility group box 1 (HMGB1), an alarmin protein re-
leased from necrotic cells, acts as an endogenous ligand for TLR2 and TLR4 to induce
the production of pro-inflammatory cytokines (Takeuchi and Akira 2010). Reports
have shown that small molecular weight fragments of hyaluronic acid (HA), biglycan
and versican produced by tumour cells can trigger TLR2 and TLR4 activation (Jiang
et al. 2005; Schaefer et al. 2005; Kim et al. 2009). Both biglycan and HA fragments
accumulate during tissue injury and activate macrophages to produce inflammatory
chemokines and cytokines via TLR2 and TLR4 (Jiang et al. 2005; Schaefer et al.
2005). It was reported that biglycan-deficient mice were less susceptible to death
caused by TLR2 (Schaefer et al. 2005). These studies indicate that several endoge-
nous ligands may provide signals through TLRs to initiate inflammatory diseases by
non-microbial agents.

TLR3, an intracellular receptor, is activated by viral double-stranded (ds)RNA
(Liu and Zhao 2007). dsRNA induces the production of IFN-a, IFN-f and
IFN-inducible genes (Takeda and Akira 2005). TLR3 also recognises polyi-
nosinic:polycytidylic acid (poly I:C), a synthetic analogue of viral dsSRNA (O’Brien
et al. 2008), which also activates the cytosolic receptor MDA-5.
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TLRA4, also referred to as CD284, detects LPS, which is one of the major constit-
uent of the outer membrane of Gram-negative bacteria. LPS comprises polysaccha-
ride side chains, core oligosaccharide and lipid A. Lipid A consists of unusual fatty
acids such as hydroxymyristic acid (O’Brien et al. 2008). It is embedded into the
outer membrane and is responsible for the toxicity of LPS. After being released into
the bloodstream, LPS is captured immediately by LPS-binding protein, a specific
lipid transfer protein that delivers LPS to CD14 present on the surfaces of mononu-
clear phagocytes. CD14 lacks a transmembrane domain therefore it is incapable of
transducing signals, suggesting that other molecules are responsible for LPS sig-
nalling. The interaction of LPS with TLR4 requires MD-2, which associates with
the extracellular domain of TLR4 (Akira 2003).

TLRS, a cell surface receptor, is activated by flagellin, a protein expressed on
motile bacteria (Gewirtz et al. 2001). TLR7 and TLRS are structurally highly con-
served molecules. They are activated by single-stranded (ss)RNA from viruses.
TLR7 has been shown to recognise synthetic compounds imidazoquinolines such as
imiquimod. In addition, both TLR7 and human TLRS recognise guanosine or uridine-
rich ssRNA from viruses such as influenza virus and human immunodeficiency virus
(HIV) (O’Brien et al. 2008).

TLR9 is essential for responses to bacterial and viral DNA. In addition, TLR9
recognises synthetic oligodeoxynucleotides-containing unmethylated CpG dinu-
cleotides (CpG DNA). These oligonucleotides have been shown to stimulate the
proliferation of B cells and to activate macrophages and DCs to secrete cytokines,
especially Th1 cytokines such as IL-18 and IL-12 (Akira 2003; Liu and Zhao 2007).
Both TLR7 and TLR9Y are highly expressed in pDCs (O’Brien et al. 2008; O’Brien
et al. 2010).

8.4 Toll-Like Receptor Expression and Function in T Cells

TLRs are widely distributed and are expressed at varying levels by immune cells
including DCs, macrophages and B cells (Hornung et al. 2002; Erridge 2010; Mills
2011), but also in non-immune epithelial and endothelial cells (Cristofaro and Opal
2003; Hornef and Bogdan 2005). Interestingly, TLRs have also been shown to be
expressed by T cells including, cytotoxic T lymphocytes (CTLs) and most excitingly,
regulatory T cells (Tregs) (Caramalho et al. 2003; Caron et al. 2005; Nyirenda et al.
2011). The first studies focusing on TLR expression in human T cells reported the
detectable production of nearly all TLR-encoding mRNAs (Hornung et al. 2002;
Zarember and Godowski 2002). It has also been reported that high levels of TLRS
were expressed by human CD25"CD4+ Tregs but not CD25~ naive CD4™ T cells
(Peng et al. 2005). Another group working on magnetically purified human Tregs
described increased expression of TLR4 on CD4*tCD25" Tregs as compared to
CD47CD25™ T cells (Lewkowicz et al. 2006). Crellin et al. reported that Tregs
expressed higher levels of TLRS mRNA (Crellin et al. 2005). In another study, pu-
rified tonsillar T cells expressed mRNA for TLR1, TLR2, TLR3, TLRS, TLR9 and
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TLR10, with distinct differences between CD4" and CD8" subsets (Mansson
et al. 2006). TLR mRNA was also detected in purified murine T cells, again
with substantial variability among different studies. Sorted naive CD45RB"e"CD4+
T cells from C57/BL6 mice expressed TLR1, TLR2, TLR3, TLR6 and TLR7 but
not TLR4, TLRS and TLR9 mRNA as shown by reverse transcriptase polymerase
chain reaction (PCR) or quantitative PCR (qPCR) (Caramalho et al. 2003; Sobek
et al. 2004). By contrast, activated and memory CD45RB'*¥CD4* T cells, and par-
ticularly the CD25% subset, expressed TLR4 and TLR5 (Caramalho et al. 2003).
However, Gelman et al. reported that TLR3, TLR4, TLRS and TLR9 but not TLR2
was detected in naive CD4* T cells from BALB/c mice (Gelman et al. 2004).

TLR expression has also been investigated in highly purified CD8" T cells from
C57BL/6 and TCR-transgenic mice. These studies revealed the presence of TLR1,
TLR2, TLR6, TLR7 and TLRY, yet little if any TLR3, TLR4, TLRS5 and TLRS8
in CD8" T cells (Cottalorda et al. 2006). Recently, we and others demonstrated
the expression of TLR2 by subsets of human Tregs (Oberg et al. 2010; Nyirenda
et al. 2011). TLR2 agonists have also been shown to promote the differentiation of
mouse (Reynolds et al. 2010) and human (Nyirenda et al. 2011) Th17 cells in vitro.
In addition, it has been reported that PAMP-induced secretion of pro-inflammatory
cytokines from monocytes and DCs promotes the induction and proliferation of
Th17 cells (Higgins et al. 2006; Evans et al. 2007; van Beelen et al. 2007; Mills
2011). For example, human monocytes stimulated with LPS, zymosan, flagellin or
lipoteichoic acid promote IL-17 production by human CD4* T cells that are activated
using a CD3-specific antibody (Evans et al. 2007). The TLR-induced signal was not
identified, but addition of IL-6 or TGF-f inhibited IL-17 production in this setting.
Another group showed that Candida albicans hyphae selectively promote Th17 cell
induction by inducing IL-23 but not IL-12 production from human monocytes and
DCs (Acosta-Rodriguez et al. 2007; Mills 2011). Furthermore, it has been shown
that ligands for TLR3, TLR4 or TLR9 induce MyD88- dependent production of
cytokines from DCs, and this promotes the differentiation of Th17 cells (Veldhoen
etal. 2006; Mills 2011). Moreover, the TLR4 ligand LPS promotes IL-17 production
by antigen-specific memory T cells in mice through the induction of IL-1 and IL-23
production by DCs (Higgins et al. 2006; Mills 2011).

Studies have also shown that Th17 cells can be induced independently of TLR and
NLR activation through the activation of dectin 1 by the p-glucan curdlan, which
promotes IL-6, TNF and IL-23 production by DCs (LeibundGut-Landmann et al.
2007; Mills 2011). In addition, bacterial ligands of NOD2, such as muramyl dipeptide
(MDP), have been shown to drive IL-17 production by human memory T cells by
stimulating IL-1 and IL-23 production by DCs (van Beelen et al. 2007). Furthermore,
it has been reported that commensal microorganisms can promote the differentiation
of Th17 cells in the lamina propria of mice that are deficient in MyD88 and TLR3,
suggesting that TLR and IL-1R signalling is not essential for the induction of Th17
cells in the gut (Tigno-Aranjuez et al. 2009).
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8.5 Modulation of Treg Functions by Toll-Like Receptors

Tregs play a central role in maintaining tolerance to self-antigens and preventing
autoimmune responses harmful to the host. However, during acute infection, Tregs
might hinder effector T cell (Teff) activity directed towards the elimination of the
pathogenic challenge. Therefore, Treg-mediated suppression needs to be tightly
controlled. Control of Treg function is known to occur through cytokines such as
IL-1, IL-6 and IL-12, and multiple co-stimulatory molecules expressed by APCs
(Kubo et al. 2004; Sutmuller et al. 2006b). Another key cytokine that supports Treg
development and suppressive activity is IL-2 (Kubo et al. 2004; Scheffold et al.
2005). IL-15, which signals through the common IL-2 receptor f and y chains,
is able to substitute IL-2 as a growth factor in vitro, while IL-4 and IL-7 can act
as growth and survival factors, respectively (Sutmuller et al. 2006b). These cy-
tokines and co-stimulatory molecules are efficiently induced upon TLR stimulation
of APCs and act either by direct stimulation of Treg proliferation and/or inhibition
of Treg suppression or indirectly by rescuing Teffs from Treg-mediated suppression
(Amiset et al. 2012).

Certain TLRs are expressed not only on APCs, but also on T cell subsets, in-
cluding Tregs. Activation of TLRs has been reported to either increase or inhibit
Treg functions, with opposite consequences depending on factors such as the spe-
cific TLRs involved and concentration of TLR agonists (Crellin et al. 2005; Liu
et al. 2006; Zanin-Zhorov et al. 2006; Nyirenda et al. 2011). Several studies
have shown that TLR activation can lead to reduced Treg function. Stimulation
of TLR2 by the synthetic bacterial LP Pam3Cys-SK4 transiently reduced the sup-
pressive function of murine and human Tregs (Liu et al. 2006; Sutmuller et al.
2006a, 2006b; Oberg et al. 2010; Nyirenda et al. 2011). We recently reported that
Pam3Cys-SK4, an agonist of the TLR1/2 heterodimer, reduces the suppressive func-
tions of human CD4*CD25"CD127"¢FOXP3" Tregs, whereas FSL-1 (a ligand for
the TLR2/6 heterodimer) does not, suggesting a predominant role of TLR1/2 in
modulating Treg functions. In addition, TLR2 stimulation reduced the suppressive
functions of Tregs classified as naive (FOXP3!°YCD45RA™") and effector-memory
(FOXP3"CD45RA ™) (Ayyoub et al. 2009; Beriou et al. 2009; Miyara et al. 2009;
Nyirenda et al. 2011). Furthermore, we showed that TLR2 stimulation induced Tregs
to produce IL-17A/F and that neutralisation of IL-6-abrogated Pam3Cys-mediated
reduction of Treg suppressive activity. Our data point to a mechanistic link between
IL-6 production and reduced suppressive function of Tregs. Pam3Cys also led to
increased production of IL-17, the neutralisation of which reversed the inhibition
of suppression induced by TLR2. Data in our report are consistent with a model in
which Tregs may become skewed towards a Th17 phenotype and effector function
under inflammatory conditions in the presence of TLR2 stimuli. Such modulation
of Treg phenotype and function may allow more effective protection against inflam-
mation but may lead to increased susceptibility to autoimmune reactions (Viglietta
et al. 2004; Nyirenda et al. 2009; Nyirenda et al. 2011) (Fig. 8.2).

Other TLRs have been shown also to reduce Treg function. Peng et al. reported that
synthetic and natural ligands for human TLRS8 can reverse the suppressive function
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Fig. 8.2 Reduced suppressive function of Tregs and Th17 development after TLR2 stimulation.
a Tregs suppress the proliferation of Th17 and effector cell proliferation. b TLR2 stimulation
enhances the production and secretion of IL-6, which inhibits the suppressive functions of Tregs.
¢ TLR2 stimulation also promotes the differentiation of Tregs towards a Th17-like phenotype with
reduced suppressive function

of Tregs. They also demonstrated that transfer of TLRS ligand-stimulated Tregs into
tumour-bearing mice enhanced anti-tumour immunity (Peng et al. 2005). This was
interpreted as the consequence of reduced Treg activity. Another group reported that
stimulation with TLR9 ligands such as oligodeoxynucleotides-containing unmethy-
lated CpG motifs (CpG ODN) reduced the suppressive functions of Tregs (Bach
2005). In this system, however, both reduced suppressive Treg function and direct
co-stimulation of effector cells by CpG ODN were observed (Gelman et al. 2006).
TLR stimulation on Tregs can also enhance their suppressive function (Caramalho
et al. 2003). It has been shown that the TLR4 agonist LPS enhanced the suppressive
function of murine CD4"CD25" Tregs (Caramalho et al. 2003). Specifically, the sup-
pressive activity of naturally activated CD45RB'Y T cells was enhanced by culture
with LPS whether these T cells were CD25" or CD25~ (Caramalho et al. 2003). En-
gagement of TLRS with the agonist flagellin enhanced the proliferation of Teffs and
the suppressive function as well as Foxp3 expression of Tregs (Crellin et al. 2005).
Another group reported increased suppressive function of human Tregs after stimula-
tion with the TLR2 agonist HSP60 (Zanin-Zhorov et al. 2006). In co-cultures of Tregs
and Teffs, they found that HSP60 and p277, a HSP60-derived peptide, enhanced
Treg function through both contact-dependent and cytokine-dependent mechanisms.
The effects of HSP60 on CD4TCD25" T cells were specifically TLR2-dependent
as demonstrated by experiments with neutralising antibodies (Zanin-Zhorov et al.



158 M. H. Nyirenda et al.

TLR ligands

s / %ﬁ) \?/ e

j} Cytokines APC Cytokines
. \ ;\ p /
- -

Teff /:___

= O
‘/ ‘j-. )

Tregs

Factors determining Treg responses

- concentration of TLR ligands

- activation of specific TLRs

- TLR-expressing cells (Tregs, Teffs, APCs)
- unknown factors

Contact / cytokine-dependent
suppression by Tregs

<20
TR 0 TLR
> . / \

Fig. 8.3 Modulation of Treg function by Toll-like receptor (TLR) ligands. Microbial components
can be recognised by TLRs expressed not only on APCs, but also on CD4*CD25" Tregs and, to a
lesser extent, on CD4TCD25~ Teff. The figure shows both direct and APC-mediated effects of TLR
activation on the functions of Tregs. Suppressive functions can be either decreased or enhanced
depending on factors that include the concentration of TLR ligands and the specific TLRs involved

A

2006). The discrepancy between a report by Zanin-Zhorov et al. and those cited above
could possibly be explained by concentrations of the ligands used or differences in
the ways endogenous and exogenous ligands interact with TLR2. Enhancing Treg
function with TLR stimuli could be used to enhance or restore immune tolerance
to self-antigens. The previously cited studies suggest that several factors may be
involved in the functional consequences of TLR activation on Tregs (Fig. 8.3).

8.6 Expression and Function of Toll-Like Receptors in B Cells

It is widely accepted that B cells play a role in the pathogenesis of MS and EAE
(Racke 2008). This has been supported by the discovery of B cell germinal centre-
like structures in the brains of MS patients with advanced secondary progressive
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disease (Magliozzi et al. 2007), however, the presence of cerebro spinal fluid (CSF)
oligoclonal bands (IgG bands unique to the CSF) in over 90 % of people with MS had
been known for decades (Kabat et al. 1942). In addition, the success of a clinical trial
of rituximab, a monoclonal antibody that depletes B cells and reduces inflammatory
disease activity without affecting immunoglobulin levels, pointed to an important
role for B cells in relapsing forms of MS (Hauser et al. 2008).

Besides the production of autoantibodies, an additional concept of B cell involve-
ment in MS emerged when Serafini et al. detected meningeal B cell aggregates in
about 40 % of patients with late-stage secondary progressive-multiple sclerosis (SP-
MS) (Serafini et al. 2004; Aloisi and Pujol-Borrell 2006). It was found that these
patients had displayed an earlier onset and higher severity of disease, pointing to
the potentially important role of B cells in the CNS itself. The authors observed that
the aggregates were localised in cerebral sulci adjacent to subpial lesions, within
structures reminiscent of germinal centres containing B cells, plasma cells, T cells,
macrophages and a network of follicular dendritic cells (FDC) comparable to clas-
sical peripheral lymphoid follicles (Serafini et al. 2004; Aloisi and Pujol-Borrell
2006; Harp et al. 2007). Brains containing B cell aggregates exhibited more severe
grey matter lesions with increased demyelination and neuronal damage while white
matter lesions did not differ from other MS patients. It has therefore been suggested
that ectopic B cell aggregates were responsible for grey matter pathology mediated
by antibodies, cytokines or proteolytic enzymes (Magliozzi et al. 2007; Choi et al.
2012).

B cells have been shown to affect MS directly through the production of regulatory
cytokines such as IL-10 and TGF-f and also have effect on the disease through the
production of antibodies (Mizoguchi and Bhan 2006). TLR activation can also affect
B cell function. It has been shown that stimulation of B cells with either TLR4 or
TLR9Y agonists resulted in production of IL-10 producing regulatory B cells, which
were shown to reduce levels of inflammation and aid recovery in EAE (Fillatreau et al.
2002). Another study showed that MyD88-dependent stimulation of both TLR4 and
TLR9 in B cells led to suppression of both Th1 and Th17 cells through the production
of IL-10 and TGF-B (Lampropoulou et al. 2008).

Matsushita et al. reported that EAE induced with recombinant MOG antigen
required B cells; whereas MOG peptide-induced EAE was independent of B cells
(Matsushita et al. 2010). Depletion of B cell populations with anti-CD20 led to
time-dependent outcomes in that prophylactic administration of anti-CD20 before
EAE induction increased disease severity and therapeutic administration suppressed
disease, suggesting that a regulatory B cell population may influence early stages of
the disease (Matsushita et al. 2010; Dobson et al. 2011).

8.7 The Function of Toll-Like Receptors in Multiple Sclerosis

TLRs are expressed in the CNS and were shown to be increased during inflamma-
tion (Bsibsi et al. 2002). The involvement of TLRs in the pathogenesis of MS was
further suggested by the enhanced TLR expression in microglia in active MS lesions
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(Jack et al. 2005). In cultures of human microglia, it was shown that ligation of TLR3
and TLR4 by dsRNA and LPS, respectively, induced the secretion of the chemokine
CXCL10, which is a potent chemoattractant for T cells and is thought to play a role
in the MS lesion (Jack et al. 2005). Several endogenous TLR ligands have been
identified in the MS lesions (Lassmann 2008). For example, HMGB1, a nuclear
DNA-binding protein, has been identified in active lesions of MS and EAE (Anders-
son et al. 2008). HMGBI is as a potent pro-inflammatory signal and its inflammatory
effects occur through TLR2 or TLR4 activation (Sloane et al. 2010). In addition, it
has been reported that the pro-inflammatory cytokine IL-23p19 was expressed in
macrophages and microglia in human MS white matter lesions. Of note is that its
expression in human microglia was induced via TLR2 and/or TLR4 signalling (Li
et al. 2007). Baseline expression of TLR2 is increased in patients with MS (Correale
and Farez 2009) and activation of TLR2 and its downstream PARP-1 pathway can
have a therapeutic effect on the symptoms of patients with MS (Farez et al. 2009).
Of note, several reports have shown a relationship between infections and MS
exacerbations (Sibley et al. 1985; Edwards et al. 1998; Buljevac et al. 2002; Levin
et al. 2003; Correale et al. 2006). Available evidence suggests that clinical manifes-
tations of exacerbation are the result of focal areas of CNS inflammation that block
impulse conduction caused by direct effects of inflammatory mediators, the demyeli-
nation of axons or both (Edwards et al. 1998; Buljevac et al. 2002). In addition, an
association between urinary tract infections (UTIs) and relapses in MS patients has
been demonstrated (Metz et al. 1998). Urinary tract dysfunction affects up to 90 %
of the MS population and UTIs were encountered in up to 74 % of the tested pop-
ulation (Metz et al. 1998; Hillman et al. 2000). An exacerbation of disease activity
following manifestation of UTI, 80 % of which are caused by the Gram-negative bac-
teria, Escherichia coli and other pathogens such as the Gram-positive Staphylococcus
saprophyticus have been reported (Correale et al. 2006; Nicolle 2008). Cell walls or
membranes of these pathogens contain components such as LPs, lipoteichoic acid
or PGN, all of which are either known or predicted TLR1/2 agonists (Schwandner
et al. 1999; Yoshimura et al. 1999; Zahringer et al. 2008). Viral infections have also
been associated with MS susceptibility and with clinical exacerbations. MS patients
may be infected by measles, mumps and rubella at a later age than healthy indi-
viduals (Martyn et al. 1993). In the last 10 years, strong epidemiological data have
linked Epstein-Barr virus (EBV) infection with MS (Martyn et al. 1993; Ascherio
and Munch 2000; Levin et al. 2003; Thacker et al. 2006). Interestingly, induction
of pro-inflammatory mediators in response to herpes simplex virus (HSV) infection
has been shown to be mediated through TLR2-dependent mechanisms (Schachtele
et al. 2010). That study demonstrated the importance of microglial cell TLR2 in
inducing oxidative stress and neuronal damage in response to viral infection. In ad-
dition, others have reported that UV-inactivated EBV virions led to the activation
of NF-kB through TLR2, suggesting that TLR2 may be an important PRR in the
immune response against EBV infection (Gaudreault et al. 2007; Ariza et al. 2009).
Moreover, it was reported that TLR2 was required for the production of inflamma-
tory cytokines by microglial cells in response to HSV-1, thus supporting a role for
TLR2 in the pathogenesis of HSV-1-induced encephalitis (Aravalli et al. 2005). In
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addition, varicella zoster virus (VZV) was found to induce the release of IL-6 in
primary human monocytes in a TLR2-dependent manner (Wang et al. 2005). Our
data suggest that the occurrence of relapses in relapsing-remitting-multiple sclerosis
(RR-MS) patients following certain UTI or viral infections could be mediated by
stimulation of TLR2 on Tregs, leading to loss of their suppressive functions and
differentiation into a pathogenic Th17 lineage (Reynolds et al. 2010; Nyirenda et al.
2011; Amiset et al. 2012).

A recent study by Bustamante et al. showed that baseline expression of IRAK3,
a negative regulator of TLR4 primarily expressed on monocytes, was reduced in
patients that responded to IFN-f treatment compared with patients that did not re-
spond. This suggests a role for TLR4 and its associated pathways in response to
IFN-B treatment (Bustamante et al. 2011). It has also been shown that treatment
with IFN-f causes an upregulation of TLR7 on DCs leading to reduction of IL-1 and
IL-23 production and inhibition of Th17 differentiation (Zhang et al. 2009).

In relation to TLR9 function, treatment with IFN-f was shown to affect the func-
tion of pDCs through TLR9. pDCs from patients on IFN-f treatment produced lower
levels of pro-inflammatory cytokines in response to TLR9 agonists than non-IFN-
B-treated patients, suggesting that IFN-f may have an immunomodulatory effect on
TLRO function (Balashov et al. 2010). In addition, TLR9 has been proposed to have
a protective effect in MS through the production of IL-10 from B cells. It has been
shown that TLR9-mediated production of IL-10 was severely reduced in B cells from
MS patients when stimulated with TLR9 agonist CpG compared to healthy controls,
which was due to a reduced expression of TLR9 on B cells in MS patients (Hirotani
et al. 2010).

8.8 Toll-Like Receptor Function in Experimental Autoimmune
Encephalomyelitis

EAE develops similar clinical and pathological features to MS. To induce EAE,
laboratory animals are immunised with myelin-derived peptides in CFA. CFA con-
tains killed M. tuberculosis and PAMPs from these bacteria activate innate immune
responses, which in turn promote pathogenic autoreactive T cell responses (Mills
2011). Immunisations are often supplemented with PT, which may promote CNS
inflammatory infiltration through the activation of TLR4 (Kerfoot et al. 2004). Many
variations of EAE have been developed including acute monophasic, relapsing—
remitting and chronic progressive models as well as models for optic neuritis.
Importantly, different EAE models mimic different aspects of MS (Steinman and
Zamvil 2006). Each of these EAE models can be useful tools to address specific
aspects of MS pathogenesis (O’Brien et al. 2008; Constantinescu et al. 2011; t Hart
et al. 2011). So far, studies on EAE have led to significant breakthroughs in under-
standing the biology of MS and have contributed in the development and approval
of at least three MS therapies, GA, mitoxantrone and natalizumab (Steinman and
Zamvil 2006; O’Brien et al. 2008).
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TLR signalling through the MyD88- dependent pathway has been suggested to
play a significant role in regulating the development of EAE. Prinz et al. reported
that MyD88 knockout mice were resistant to the development of active EAE, further
supporting a role of MyD88-dependent signalling in disease development (Prinz
et al. 2006). Interestingly, T cells derived from MyD88-deficient (—/—) mice did
not significantly respond to their cognate antigen, suggesting that MyD88—/— mice
did not develop active EAE, partly because of the inadequate T cell priming in
the periphery (Prinz et al. 2006). However, bone marrow chimera studies indicated
that MyD88 expression in the CNS also played a significant role in controlling the
development of EAE. Adoptive transfer of myelin-specific T cells into MyD88—/—
mice resulted in decreased severity of EAE relative to wild-type animals (Prinz et al.
2006).

8.8.1 The Role of Cell Surface Toll-Like Receptors

A number of studies have supported a role of TLR2 in modulating EAE. TLR2 serves
as a ligand for Gram-positive bacteria including Staphylococcus aureus and Strepto-
coccus pneumoniae. Molecules present in the cell wall of these organisms, such as
PGN, serve as PAMPs that are capable of activating TLR2. S. aureus PGN added to
incomplete Freund’s adjuvant (IFA) was demonstrated to stimulate the development
of EAE in C57BL/6 mice (Visser et al. 2005). In vitro studies showed that PGN-
pulsed DCs stimulated T cell proliferation, drove T cell differentiation towards a Th1
phenotype and facilitated the development of EAE, suggesting that PGN signalling
through TLR2 stimulated DC maturation, antigen presentation and production of
effector molecules that resulted in Th1 cell differentiation and development of EAE.
Other studies have demonstrated that infection of mice with S. pneumoniae was ca-
pable of increasing the severity of EAE, although this depended on the timing of
infection relative to immunisation (Herrmann et al. 2006). Interestingly, these stud-
ies demonstrated that the effects of S. pneumoniae on EAE were TLR2-dependent,
as TLR2—/— animals did not develop more severe EAE (Herrmann et al. 2006).

In addition, Laman et al. also demonstrated that PGN was observed in association
with APCs in the CNS of MS patients as well as nonhuman primates (Visser et al.
2006). Furthermore, PGN-laden APCs were increased in the CNS of EAE animals,
suggesting that PGN and possibly other TLR agonists were capable of accessing the
CNS during EAE (Visser et al. 2006). This could facilitate the reactivation of myelin-
reactive T cells in the target tissue in EAE and MS. Reynolds et al. reported that TLR2
promoted Th17 responses and mediated EAE. They observed that loss of TLR2 in
CD4™" T cells ameliorated EAE compared with wild-type controls (Reynolds et al.
2010). Adoptive transfer of TLR2-deficient T cells led to more dramatic reduction in
disease severity and Th17 production, suggesting an important role of TLR2 in the
induction of EAE (Reynolds et al. 2010).

It has also been shown in mouse models that TLR2 may play a role in the pre-
vention of the remyelination of damaged axons. It has been proposed that activation
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of TLR2 on the surface of oligodendrocytes prevents the maturation of the cell ren-
dering them unable to remyelinate damage axons (Sloane et al. 2010). It is reported
that hyaluronan, a glycosaminoglycan present in the core of MS lesions, prevents
maturation of oligodendrocytes through TLR2/MyD88 signalling and thus prevents
the cell fulfilling its role in the remyelination of damaged axons within the lesion
(Sloane et al. 2010). This effect was shown to be specific to TLR2 as the inhibitory
action of hyaluronan on oligodendrocyte maturation was removed in the presence
of neutralising antibodies to TLR2 but not to other hyaluronan-sensitive receptors
TLR4 and CD44 (Hanafy and Sloane 2011). This effect was further proven when
it was shown that TLR2—/— mice show a quicker and more efficient remyelination
then wild-type mice (Hanafy and Sloane 2011).

EAE is commonly induced in susceptible mouse and rat strains by immunisation
with myelin peptides emulsified in CFA. Importantly, M. tuberculosis present in
CFA is known to activate a variety of TLRs, including TLR1, TLR2 and TLR4
(Hansen et al. 2006). Indeed, it was reported that mice immunised with myelin
peptides in the presence of IFA did not develop EAE, but developed disease when
M. tuberculosis was added to the adjuvant (Hansen et al. 2006). While agonists of
most TLRs reconstituted the full adjuvant properties of IFA, the only exception were
agonists of TLR3 (Hansen et al. 2006), confirming that the MyD88-independent,
TRIF-dependent pathway has different properties as compared with the MyD88-
dependent signalling pathway (Hansen et al. 2006; O’Brien et al. 2008) as they lead
to preferential induction of endogenous type I interferons (O’Brien et al. 2008). Such
properties of the TLR3-TRIF pathway underlie the observation that TLR3 activation
can suppress EAE by the induction of endogenous IFN- in both relapsing EAE in
the SJL/J mouse and chronic EAE in the C57BL/6 mouse (Touil et al. 2006; Tzima
et al. 2009). This demonstrates in principle the feasibility of inducing endogenous
type I IFN as an alternative to the administration of recombinant-type IFN in patients
with MS (Touil et al. 2006; O’Brien et al. 2008; O’Brien et al. 2010).

Studies have proven that TLR4-/- mice show an increased level of IL-6 and IL-23
and an expansion of the Th17 population due to an inhibition of the Thl response
(Marta et al. 2008). TLR4 is also vital in the induction of EAE due to its role in
the effect of PT, which is typically given at the time of immunisation and 2 days
later. PT is thought to promote the infiltration of inflammatory cells into the CNS. It
has been shown that PT induces intracellular mechanisms through TLR4, one exam-
ple being the induction of inflammatory adhesion molecules, such as p-selectin via
NF-kB transcription (Kerfoot et al. 2004). PT was also shown to induce a proadhe-
sive environment around the cerebrovascular endothelium causing an increase in the
recruitment of leukocytes to the CNS in a TLR4-dependent manner (Kerfoot et al.
2004).

TLR6 has been related to EAE through the production of IFN-f- neutralising
antibodies over long courses of IFN treatment. Polymorphisms within the TLR6
gene have a direct correlation to a production of anti-IFN-f antibodies, which can
nullify the effect of IFN-f treatment (Enevold et al. 2010). In terms of direct action
on EAE, TLR6 has been shown to be fairly redundant. Studies have shown that
TLR6—/— mice have a very similar clinical disease course to wild-type C57BL/6
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mice and therefore are seen to have little or no direct effect on the primary disease
mechanisms (Marta et al. 2008).

8.8.2 The Role of Endosomal Toll-Like Receptors

Reports suggest that TLR signalling through the MyD88-independent pathway either
does not support or suppresses the development of EAE. For example, the TLR3 ag-
onist poly I:C does not support the development of active EAE when immunised with
myelin antigens emulsified in IFA (Hansen et al. 2006). Furthermore, treatment of
EAE mice with poly I:C suppressed the development of relapsing—remitting disease
(Touil et al. 2006). In these studies, we showed that poly I:C treatment resulted in sig-
nificant production of IFN-f, one of the critical products of the MyD88-independent
signalling pathway, and that neutralisation of IFN-f reversed the inhibitory effect
of poly I:C. In a later study, Tzima et al. showed that TLR3 activation could also
inhibit the development of chronic EAE in a different mouse model (Tzima et al.
2009). IFN-p was the first disease-modifying immunotherapy approved for use in
MS (The Interferon Study Group 1993). A report by Guo et al. further support a role
of MyD88- independent signalling in suppression of EAE (Guo et al. 2008). In these
studies, type I IFN receptor knockout mice developed more severe EAE than wild-
type mice. Similarly, TRIF knockout mice lacking this critical adaptor molecule for
MyDS88-independent signalling also developed more severe disease. The studies fur-
ther suggested that IFN-B-induced production of IL-27 by cells of the innate immune
system played a critical role in suppressing the development of Th17 cells critical
to disease development, and that this control was lost in type I IFN receptor and
TRIF-deficient animals. Given the ability of the innate immune system to produce
large amounts of endogenous type I IFN, these studies demonstrate in principle the
possibility to induce the production of endogenous IFN-§ as an alternative to the
exogenous administration of recombinant molecule (Touil et al. 2006; O’Brien et al.
2008; O’Brien et al. 2010).

A small number of studies have been conducted into the role of TLR7 in EAE,
one of which involved repeated inoculation with a low dose of TLR7 agonist to
promote TLR7 tolerance (Hayashi et al. 2009) to subsequent activators of TLR7.
This study showed that induction of TLR7 tolerance by a TLR7 agonist can cause
hyposensitivity to not only TLR7 agonists, but also TLR2 and TLR9 agonists, with
a positive effect on neural inflammation in mice induced with EAE. Other studies
have shown that TLR7 can act via two different pathways, the pro-inflammatory NF-
kB pathway and the anti-inflammatory IRF7 pathway. Both pathways start through
the MyD88 molecule, with the pro-inflammatory arm running through NF-kB and
the production of pro-inflammatory cytokines (O’Neill and Bowie 2007) whereas the
anti-inflammatory pathway works through IRF7 and produces type I interferons such
as IFN-a and IFN-f (Honda et al. 2005; O’Brien et al. 2010), which are protective
against MS (The Interferon Study Group 1993; Durelli et al. 1994). These findings
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indicate that TLR7 can have both anti- and pro-inflammatory effects in EAE and
suggest that its anti-inflammatory activity may be predominant.

TLR8 also recognises ssRNA. There are currently limited data on a potential role
of TLR8 in inflammatory demyelination, except for its accumulation in the axons
of EAE mice together with inflammasome protein NAcht leucine-rich repeat pro-
tein 1 (NALP1) (Soulika et al. 2009). TLR8 deficiency in the mouse was found to
be associated with an overexpression of TLR7, increased levels of serum autoan-
tibodies and the development of spontaneous glomerulonephritis (Demaria et al.
2010). In humans, but not in mice, TLRS8 has been reported to recognise synthetic
imidazoquinolines in addition to ssSRNA (Jurk et al. 2002).

TLR signalling through the MyD88-dependent pathway has been suggested to
play a significant role in regulating the development of EAE. Prinz et al. reported
that MyD88 knockout mice were resistant to the development of active EAE, further
supporting arole of MyD88-dependent signalling in disease development (Prinz et al.
2006). Interestingly, T cells derived from MyD88 knockout mice did not respond
measurably to their cognate antigen, suggesting that MyD88 knockout mice did not
develop active EAE, partly because of the inadequate T cell priming in the periphery
(Prinz et al. 2006). However, bone marrow chimera studies indicated that MyD88
expression in the CNS also played a significant role in controlling the development
of EAE. Adoptive transfer of myelin-specific T cells into MyD88 knockout mice
resulted in decreased severity of EAE relative to wild-type animals (Prinz et al.
2006).

Another model for the regulatory effect of TLR9 activation is that it increases the
production of tryptophan-catabolising enzyme Indoleamine 2,3 dioxygenase (IDO),
which has immunoregulatory properties. Mice deficient in IDO develop more severe
EAE than wild-type mice, with enhanced encephalitogenic Th1 and Th17 and re-
duced regulatory T cell responses (Yan et al. 2010). It has also been reported that
TLR9 agonists can induce IDO-dependent protection against autoimmune responses
in type 1 diabetes (Fallarino et al. 2009; Ciorba et al. 2010) and experimental colitis
in (Ciorba et al. 2010) mouse models. We are currently investigating such TLR9/IDO
axis in animal models of MS.

8.8.3 Toll-Like Receptors as Therapeutic Target for Inflammatory
Diseases

As the evidence for the involvement of TLRs in multiple immune-mediated diseases
has increased, so too have efforts to identify regulators of TLR-dependent signalling
as therapeutic agents. Indeed, the possibility to downregulate immune responses with
specific TLR agonists or antagonists and by inhibiting intracellular proteins involved
in the cascade signalling pathways may provide a novel approach for the treatment
of autoimmune diseases. For example, TLR2 could be a useful therapeutic target
for the development of antagonists given the range of diseases that are associated
with this receptor. Interestingly, the neutralising antibody T2.5, directed against
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TLR2, has been shown to prevent sepsis induced by TLR2 ligands (Meng et al.
2004). In addition, recent data have shown that OPN-305, another TLR2-specific
monoclonal antibody produced by Opsona Therapeutics, can inhibit TLR2-mediated
pro-inflammatory cytokine production in the mouse model of myocardial ischaemia-
reperfusion injury (Arslan et al. 2008; Dunne et al. 2011). The humanised version of
OPN-305 entered phase I clinical trials for the treatment of inflammatory autoimmune
diseases (Dunne et al. 2011).

The potential for the stimulation (rather than the inhibition) of TLR3 for the treat-
ment of autoimmune inflammatory demyelination has been discussed in the previous
section (Touil et al. 2006; O’Brien et al. 2008; Tzima et al. 2009). We took a sim-
ilar approach with the stimulation of TLR7 using imiquimod, a therapeutic agent
approved for use in human therapy for dermatologic conditions. Administration of
Imiquimod induced the production of endogenous IFN-8 and suppressed the devel-
opment of EAE induced by MOG(35-55) in the C57BL/6 mouse (O’Brien et al.
2010). We are currently studying the potential of different agonists of TLR9 (CpGA
and CpGB) to modulate EAE and interact with the immunoregulatory IDO pathway
(Yan et al. 2010; Volpi et al. 2012).

A humanised TLR4-specific antibody (NI-0101), developed by NovImmune, in-
terferes with the dimerisation of TLR4 by binding to an epitope on TLR4. The
antibody is undergoing preclinical evaluation as a potential therapy for inflamma-
tory bowel disease (IBD) (Hodgkinson 2010; Dunne et al. 2011). In addition, the
lipid A mimetic CRX-526, a synthetic TLR4 antagonist, was reported to inhibit the
development of dextran-sulphate sodium (DSS)-induced colitis and of colitis in mice
deficient for multidrug resistance gene 1A100. It has also been shown that 1A6, a rat
TLR4-specific monoclonal antibody, reduced inflammation in DSS-induced colitis
in mice (Ungaro et al. 2009). Furthermore, the lipid A mimetic Eritoran (E5564),
produced by Eisai Pharmaceuticals, interferes with the formation of the TLR4-MD2-
LPS complex. The antibody was shown to be an effective inhibitor of LPS-induced
shock in mice (Mills 2011). However, it did not meet its primary endpoint in patients
with severe sepsis in a phase III clinical trial (Mills 2011).

Several other novel approaches have been devised to identify inhibitors of TLR2
and TLR4. A novel peptide inhibitor, VIPER, which is derived from vaccinia virus
protein A46, has been described to inhibit TLR4-dependent signalling via blocking
TIR-TIR domain interactions (Lysakova-Devine et al. 2010). In addition, using a
conventional screening approach using TLR reporter cell lines, Zhou et al. identified
a novel small molecule (E567), which inhibited lymphocytic choriomeningitis virus
(LCMV)-induced TLR2-mediated signalling pathway (Zhou et al. 2010). The authors
suggested that inhibiting TLR signalling in LCM V-infected cells could have great
therapeutic potential in the treatment of viral diseases involving TLR activation,
including HSV-1 and cytomegalovirus (CMV) (Zhou et al. 2010), which have been
associated with MS.

Synthetic immunoregulatory sequences (IRS) have been used to modulate
TLR-mediated responses. One such medication developed using this technique is
CPG52364 (Pfizer), the antagonist of TLR7, TLR8 and TLR9. CPG52364 has shown
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efficacy in mouse models of systemic lupus erythematosus (SLE) and other autoim-
mune diseases, and it is in phase I clinical trials (Dunne et al. 2011). In addition, the
TLR7/9 antagonist DV1179 (IRS945) developed by Dynavax Technologies, is cur-
rently being investigated for the potential treatment of autoimmune diseases. IRS945
was obtained by combining sequence elements from both IRS661 and IRS869 and
removing non-essential nucleotides (Barrat et al. 2007). Furthermore, IMO-3100,
an inhibitor for TLR7- and TLR9-mediated pathways, has been developed by Idera
Pharmaceuticals. IMO-3100 has been shown to exert potent activity in reducing
pathologic and immunologic manifestations in preclinical mouse models of SLE,
rheumatoid arthritis (RA), psoriasis and hyperlipidemia. Results from humanised
phase I clinical trials showed that IMO-3100 was well tolerated. It inhibited TLR7-
and TLR9-mediated immune responses at all evaluated doses (Gambuzza etal. 2011).
Of note, certain features of immune dysregulation in SLE are considered to be ‘op-
posite’ to those described in MS, for example, SLE is characterised by excessive
production of endogenous type I IFNs, suggesting that stimulation of TLR7 and
TLRY9 may be valid alternative approaches to MS immunotherapy (O’Brien et al.
2010). However, others have proposed a TLR7 tolerance induction strategy to the
treatment of EAE as a model of MS (Hayashi et al. 2009).

Agents that specifically modulate TLR signalling pathways may also be effective
in the treatment of EAE and MS. Another study evaluated the effects of peroxisome
proliferator-activated receptors (PPARs), which are members of the nuclear hormone
receptor family, on the expression of TLR intermediates by cells of the CNS (Xu et al.
2007). The authors demonstrated that PPAR-a agonists suppressed the expression of
critical MyD88-dependent signalling intermediates by primary microglia as well as
in the CNS of mice with EAE (Xu et al. 2007). PPAR-y agonists also suppressed the
expression of MyD88 signalling intermediates by primary microglia (Xu and Drew
2007). In addition, these PPAR agonists suppressed glial production of IL-12 and
IL-23, which were known to play important roles in the development of Thl and
Th17 cells that stimulated the development of EAE. Together, these suggested that
PPAR agonists may be effective in the treatment of MS (Xu and Drew 2007).

Therapeutic approaches to the TLR and other immune pathways will need to
take into account the complexity of such signalling pathways, in which activation or
inhibition of specific innate receptors inevitably leads to interference with numerous
molecules involved in inflammation and immune regulation (O’Brien et al. 2008;
Nyirenda et al. 2009; O’Neill et al. 2009).

8.9 Summary

It is clear that TLRs can play a significant role in modulating MS and EAE. Stud-
ies to date suggest that TLRs, which activate MyD88- dependent signalling, may
contribute to the development of MS, whereas MyD88-independent pathways may
mitigate disease severity. TLRs present on cells of the innate immune system are
thought to provide critical signals involved in the activation of cells of the adaptive
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immune system, including autoreactive lymphocytes. However, many questions con-
cerning the role of TLRs in modulating MS remain unanswered. The complex pattern
of TLR expression in the periphery and in the CNS, as well as by cells of both the
innate and adaptive immune systems, is just beginning to be appreciated. Elucida-
tion of the molecular mechanism of protein and nucleic acid recognition by different
TLRs has provided the basis for the rational design of their specific agonists and an-
tagonists. Small synthetic compounds, acting as TLR3 agonists and/or TLR2/TLR4,
TLR7/9 and MyD88 antagonists, might favour the inhibition of signalling responsi-
ble for autoimmune responses in MS and EAE. Several immunomodulatory drugs
influencing TLR signalling have already been approved for therapy or are currently
undergoing clinical trials. Immunomodulatory compounds targeting innate immune
system alone or in combination with other substances could represent advanced vac-
cine adjuvants and therapeutic drugs for MS. In addition, future studies are needed
to understand the detailed mechanisms by which TLRs modulate MS and its exper-
imental models. There is great potential for further advancement of knowledge and
therapeutic opportunities.
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Chapter 9
Macrophages and Microglia in Experimental
Autoimmune Encephalomyelitis and Multiple
Sclerosis

Manoj Kumar Mishra and V. Wee Yong

9.1 Introduction

Multiple Sclerosis (MS) is a complex inflammatory and demyelinating disease of the
central nervous system (CNS) that is a leading cause of disability in young Caucasian
adults. The pathogenesis of MS involves adaptive immune components such as T and
B cells (McLaughlin and Wucherpfennig 2008; Goverman 2009; El-behi et al. 2010;
Berer et al. 2011; Lovett-Racke et al. 2011) and innate immune cells including
monocytes, macrophages, and microglia (Heppner et al. 2005; Gandhi et al. 2010;
Ajami et al. 2011). Indeed, the predominant groups of inflammatory cells in active
plaques are macrophages and microglia (Lucchinetti et al. 2000; Prineas et al. 2001;
Howell et al. 2010), and these persist through secondary progressive MS (Prineas
et al. 2001). In this chapter, we focus on the roles of macrophages and microglia in
MS and its animal model experimental autoimmune encephalomyelitis (EAE).

9.2 Multiple Sclerosis

The etiology of MS is unclear but genetic predisposition and environmental factors
contribute to its pathogenesis (Ontaneda et al. 2012). The result is that various im-
mune cell types are activated and they enter the CNS in large numbers to produce
injury. CD8* T cells, CD4™ T helper (Th) cells (mainly Th1 and Th17 cells), B cells,
macrophages, plasma cells, and other cells have been implicated in the pathogenesis
of MS (Frohman et al. 2006; Nylander and Hafler 2012). The activation of these im-
mune cell subsets may be the primary event in MS but some studies have suggested
that MS may be initiated within the CNS prior to the activation and subsequent in-
filtration of immune cells (van Noort et al. 2011; Stys et al. 2012). The pathological
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hallmark of an MS lesion is the presence of an MS plaque, which is characterized
by demyelination, inflammation, and axonal loss (Lumsden 1972; Trapp et al. 1998;
Compston and Coles 2008). The demyelination observed in MS results from dam-
age to the myelin sheath and oligodendrocytes. Macrophages/microglia are the main
cell types involved in myelin breakdown as they can produce proteases, lipases,
proinflammatory cytokines, reactive oxygen species, and nitric oxide (NO). Phago-
cytosis of myelin components in lesions by these cells is an indication of ongoing
demyelinating activity (Bauer et al. 1994; Sriram 2011).

9.3 EAE, An Animal Model for MS

EAE is a useful animal model of MS and it is induced by the immunization of animals
with CNS antigens, such as spinal cord homogenates, proteins derived from myelin
(commonly, myelin basic protein [MBP], proteolipid protein [PLP], or myelin oligo-
dendrocyte glycoprotein [MOGT]), or peptides of these myelin proteins (Kabat et al.
1950; Swanborg 1995; Steinman 1999). EAE models may be fine-tuned to reflect
different courses of MS (Lassmann and Ransohoff 2004; Baker et al. 2011). MBP-
immunized Lewis rats or B10.PL mice mimic an acute phase of MS characterized by
monophasic outcomes; SJIL mice injected with PLP model relapsing—remitting MS,
with alternate stages of paralysis and recovery. The most commonly studied MOG-
immunized C57Bl/6 mice produce signs that resemble the rapidly progressing and
chronic phase of MS. EAE can be induced by active immunization, which consists
of the subcutaneous injection of an emulsion containing CNS tissue homogenates
or a peptide of myelin proteins together with an adjuvant, or passive immunization,
based on the intravenous injection of T cells previously activated against myelin pro-
teins. In all described models of EAE, the disease is characterized by perivascular
infiltrates within the CNS and paralysis. The cells that infiltrate and initiate disease
are thought to be predominantly myelin-reactive Thl and Th17 cells that secrete
their signature cytokines of interferon (IFN)-y and interleukin (IL)-17, respectively
(Frohman et al. 2006; Jager et al. 2009; El-behi et al. 2010; Murphy et al. 2010),
and antigen-presenting cells (APCs) including monocytes, macrophages, dendritic
cells (DCs), and B lymphocytes (King et al. 2009; Mildner et al. 2009; Ajami
et al. 2011).

9.4 Monocytes/Macrophages

9.4.1 Function and Origin

Elie Metchnikoff received the Nobel Prize in 1908 for the discovery of the
macrophage and its phagocytic role. Tissue macrophages originate from circulat-
ing monocytes that patrol the body and are among the first cellular responders of the
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innate immune system. They play a critical role in host defense, wound healing, re-
pair, and chronic inflammation (Mantovani et al. 2005; Flannagan et al. 2009). While
monocytes and macrophages are derived from precursors in the bone marrow, some
macrophages develop in the embryo before the appearance of definitive hematopoi-
etic stem cells. The macrophages that derive from the yolk sac are genetically distinct
from hematopoietic stem cell progenies (Schulz et al. 2012).

Monocytes are produced and maintained by hematopoietic stem cells that reside
in specialized niches within bone marrow. Monocytes expressing CD115, Ly6C, and
CCR2 receptor on their surface have been referred to as immature, proinflammatory,
or M1 monocytes, and they enter the blood circulation from the bone marrow in
response to chemokines (Gordon and Taylor 2005; Geissmann et al. 2010). These
monocytes then circulate in the blood for 1-3 days. Circulating monocytes can home
to an area of inflammation in response to a chemokine gradient, and they then utilize
surface molecules such as integrins to adhere onto endothelium before migrating
into tissues (Imhof and Aurrand-Lions 2004) where the local milieu promotes their
differentiation into macrophages (Delneste et al. 2003). A subset of circulating mono-
cytes that are Ly6C'°¥ CCR2-CX3CR 1" are referred to as M2 monocytes and they are
available to become resident, tissue-specific macrophages (Gordon and Taylor 2005).
Tissue-resident macrophages may maintain their numbers by local proliferation and
by differentiation of blood-borne monocytes in strategic locations in different organs.

9.4.2 Polarization of Macrophages

The description of M1 and M2 monocytes above emphasizes that these cells can be
subclassified. Similarly, macrophages are heterogeneous cells that are highly plastic
in nature and they have also been subclassified (Gordon and Martinez 2010; Sica
and Mantovani 2012). The two major subsets of macrophage-activation pathways
are M1 (classical activation) and M2 (alternate activation; Gordon and Taylor 2005;
Gordon and Martinez 2010). IFN-y and lipopolysaccharide (LPS), generated during
a proinflammatory response and bacterial infections, respectively, are activators of
the M1 classical pathway for monocytes or resting macrophages. The M1 cells use
arginine as a substrate for inducible nitric oxide synthase (iNOS) and result in high
production of nitricoxide (NO; MacMicking et al. 1997). In contrast to classical
activation, the alternative activation (M2) pathway is triggered in response to parasitic
infestation or local tissue damage. The M2 phenotype is produced by IL-4 and IL-13
stimulation and cells use arginine as a substrate for arginase 1 to form ornithine,
which is a precursor for polyamines, proline, and collagen needed in wound healing
(Gordon and Martinez 2010). Besides iNOS and arginase 1 being differential markers
for M1 and M2 cells, respectively, M1 cells also express CD 16, CD32, CD64 (Fc-y
receptor), CD80, and CD86 (costimulatory signal molecules) while M2 macrophages
express CD23 (Fce receptor II), CD163 (hemoglobin scavenger receptor), CD204
(macrophage scavenger receptor 1), and CD206 (mannose receptor). In mice, M2
macrophages are also characterized by their expression of Found in inflammatory



180 M. K. Mishra and V. W. Yong

Circulation

monocytes

CCR2 CD11b CX3CR1

CD11b

Bone marrow
2 CD62L p

2Ly6C

CCR2+Ly6CM9n CX3CR1+Ly6C""

CD16/32 CX3CR1

CD80
. TLRa W FIZzZ-1
N C \
At Arginine
STAT-1/3 (®inos ~ STAT-6 KI ~CD204
rg-1
MHCII ) Citruline  NO ‘ ) Orni}hine YM-1
Polyamines
cc\&z IL-12 CD206 cD163
M1 macrophage M2 macrophage
Activators: IFNy, LPS IL-4,IL-13,IL-10
Functions: Pro-inflammatory Anti-inflammatory
Tissue destruction Wound healing
Toxic Repair
Markers: iNOS, TNF-a, IL-1B3, CD80, Arg-1, FIZZ-1, YM-1, CD163,
CD16/32, CCR2, Ly6Chigh, CD204, CD206, CX3CR1,
IL-12, STAT-1, STAT-3 Ly6C'ow IL-10, TGF-B, STAT-6

Fig. 9.1 A summary of M1 and M2 macrophages. Monocytes egress from the bone marrow and
circulate in blood with a predominance of either the CCR2 or CX3CRI1 receptor. Upon entering
tissues including the CNS, an M1 or M2 macrophage subtype can be distinguished and some of the
characteristics are listed

zone (FIZZ1) and YM1 (a protein from the chitinase family), although these are
poorly expressed on human cells.

M1 and M2 macrophages are also characterized by the spectrum of cytokines that
they produce (Fig. 9.1). The M1 cells produce high amounts of IL-18, IL-12, and
TNF-a that are largely proinflammatory, while the M2 subset secretes prominently
regulatory/antiinflammatory cytokines including IL-4, IL-10, and IL-1 receptor an-
tagonist. The differential cytokine profile helps promote the polarization of Th1/Th17
cells by M1 macrophages, and Th2 cells by M2 macrophages.

Iron toxicity is becoming topical in MS (Williams et al. 2012). Macrophage
subsets may handle iron load differentially. The M1 subset has been reported to
have iron retention capacity while the M2 subset can release iron and has the ability
to recycle the metal (Corna et al. 2010). M1 macrophages express high levels of
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ferritin H, have low iron regulatory protein-binding activity, low levels of transferrin
receptor 1 and take up iron with low efficiency, and only when the extracellular iron
concentration is high. In contrast, M2 macrophages express low levels of ferritin
H, have high iron regulatory protein-binding activity, and high levels of transferrin
receptor 1. M2 macrophages have an intracellular labile iron pool and they take up
iron effectively and spontaneously release iron at low concentrations; they have been
reported to have limited storage ability for iron (Corna et al. 2010). M1 macrophages
have the ability to present antigen even after iron depletion, a feature that allows
them to maintain pathogen-specific T cells in conditions that are less permissive for
microbe spreading. On the other hand, M2 macrophages play an important role in
wound repair, resolution of inflammation, and tissue healing that requires nutrients
including iron (Corna et al. 2010).

More recently, Schulz et al. (Schulz et al. 2012) used gene expression profiling and
fate-mapping studies during early mouse development through adulthood to lend fur-
ther understanding to the lineages of monocytes/macrophages. They concluded that
tissue macrophages are derived from primitive embryonic precursors and that these
are the resident macrophage populations that persist through life; in contrast, mono-
cytes originate from bone marrow-derived hematopoietic stem cells throughout life.

9.5 Microglia

9.5.1 Origin and Function

Microglia are immune-competent cells of the CNS and they were originally described
by del Rio-Hortega. Although generally considered CNS-resident macrophages, mi-
croglia and macrophages are now considered to have different lineages. In this regard,
monocytes that originate from bone marrow enter the CNS from the circulation to be-
come macrophages, particularly after an injury, while microglia are derived from the
embryonic yolk sac early in development and they are not thought to be replenished
by blood-derived monocytes after birth (Ginhoux et al. 2010; Prinz et al. 2011).
Microglia are distinguished from blood-derived macrophages by lower level of
expression of CD45 (Ford et al. 1995; Agrawal et al. 2011) as detected by flow
cytometry. Under basal “resting” conditions, microglia are highly dynamic and their
processes constantly patrol the CNS microenvironment, a feature that is critical for
maintaining CNS homeostasis (Nimmerjahn et al. 2005). Three states of microglia
have been proposed based on pathophysiological studies: (1) the ramified microglia
present in the normal adult CNS, (2) the activated, nonphagocytic microglia found in
areas of secondary reaction due to nerve transection and CNS inflammation, and (3)
the reactive or phagocytic microglia found in areas of trauma, infection, or neuronal
degeneration (Hanisch and Kettenmann 2007). Microglia exhibit plasticity in their
morphology and appearance, particularly during injury and disease. Resting mi-
croglia are highly branched (ramified) cells and express undetectable levels of MHC
class I and II, CD80, CD86, and CD40 (Carson et al. 1998). Mechanisms that keep
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microglia quiescent include CD22, CD47, and CD200 expressed by neurons that in-
teract with CD45, CD172, and CD200R on microglia, respectively (Mott et al. 2004;
Ransohoff and Perry 2009; Saijo and Glass 2011), and by the release of fractalkine
(CX3CL1) that interacts with CX3CR1 on microglia (Cardona et al. 2000).
However, upon pathological insult, the ramified microglia become larger, retract
their processes to become ameboid shaped cells, and they upregulate their expres-
sion of MHC and costimulatory molecules, and they increase their phagocytic ability
(Aloisi 2001).

9.5.2 Microglia Polarization

Microglia also respond to the cytokine milieu to display markers of M1 and M2
polarization (Colton 2009). Microglia activation can be skewed similarly to that
of macrophages. Treatment with M1 and M2 activators displays similar gene pro-
files (Colton et al. 2006; Colton and Wilcock 2010) in microglia and peripheral
macrophages, indicating that Th1 and Th2 cytokines can drive microglial activa-
tion, which in turn can polarize Th1 and Th2 cells. Resting microglia also express
the M2 markers arginase 1, YM1 and mannose receptor (CD206), and they ex-
press low/undetectable levels of TNF-a and NO (Kitamura et al. 2000; Ponomarev
et al. 2007). Microglia are protected by the blood-brain barrier and not directly
exposed to circulating cues such as proinflammatory cytokines in normal condition.

Adul