


Multiple Sclerosis Immunology



Takashi Yamamura • Bruno Gran
Editors

Multiple Sclerosis
Immunology

A Foundation for Current and Future
Treatments

2123



Editors
Takashi Yamamura Bruno Gran
Immunology, MS Center Division of Clinical Neurosciences
NCNP University of Nottingham School of Medicine
Tokyo Nottingham
Japan UK

ISBN 978-1-4614-7952-9 ISBN 978-1-4614-7953-6 (eBook)
DOI 10.1007/978-1-4614-7953-6
Springer New York Heidelberg Dordrecht London

Library of Congress Control Number: 2013947058

© Springer Science+Business Media New York 2013
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief excerpts
in connection with reviews or scholarly analysis or material supplied specifically for the purpose of
being entered and executed on a computer system, for exclusive use by the purchaser of the work.
Duplication of this publication or parts thereof is permitted only under the provisions of the Copyright
Law of the Publisher’s location, in its current version, and permission for use must always be obtained
from Springer. Permissions for use may be obtained through RightsLink at the Copyright Clearance
Center. Violations are liable to prosecution under the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.
While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



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 (CXCR5, 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-γ producing Th1 cells. On the other hand, IL-12B (p40) is also part of the

T. Korn (�)
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Ismaninger Str. 22, 81675 Munich, Germany
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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-γ 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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Neutrophils

IL-17
IL-17F
IL-21
IL-22
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IFN-  
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Th1 Th17Th2

Fig. 1.1 Types of T helper cell-mediated inflammation. Effector functions of Th1- versus Th17-
driven immunopathology. Th1, 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-γ, 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-γt was identified to be an indispensable transcription factor
in Th17 cells (Ivanov et al. 2006). ROR-γt cooperates with ROR-α, 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-γt indicating that ROR-γt-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-β1 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-β1 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-β1 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-β1 or lack of TGF-β 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-1β (Ghoreschi et al. 2010). In these studies,
however, endogenous TGF-β (most likely TGF-β3) produced by differentiating Th17
cells was not excluded. Th17 cells that were differentiated without exogenous TGF-
β1 had stable expression of ROR-γt and IL-17. However, in contrast to Th17 cells that
were induced by TGF-β1 plus IL-6, Th17 cells induced with IL-1β, IL-6 plus IL-23
without addition of exogenous TGF-β 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-β1 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-β3 in T cells (Lee et al. 2012). Differentiation of
T cells with TGF-β3 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-β1 plus IL-6 versus TGF-β3 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
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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-β1
plus IL-6, they get induced to produce small amounts of TGF-β3. However, IL-23 maintains the
production of TGF-β3 in developing Th17 cells (1). TGF-β3 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-γ (for details, see text). In contrast, while initiating the Th17 transcriptional program, TGF-β1
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-γ 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
et al. 2011). Indeed, Th17 cells not only adopt Th1-like features (such as expression
of T-bet and production of IFN-γ) 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-β-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 Th1-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 Th1 cells
in the CNS of EAE mice even though they lost IL-17 production and had turned into
IFN-γ (and GM-CSF) producers. On the molecular level, T-bet—once expressed—
interacts with Runx-1 to downmodulate the expression of ROR-γt, 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-γ 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-10Rα 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-6Rα 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-12Rβ1 to form a functional IL-23R or expression of IL-12Rβ2
that also associates with IL-12Rβ1 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-γ 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 that is 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—by increasing the amount of available TGF-
β—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 CD11c+CD11b+CX3CR1+—a popula-
tion that also contains macrophages (CD68+CD11clow)—while Treg cell- inducing
DCs are CD11chighCD103+ (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-β (via ανβ8; Travis et al. 2007)
and retinoic acid (RA; Sun et al. 2007). Although CD103+ DCs express retinal de-
hydrogenases (Aldh1a1 and Aldh1a2), 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 α4β7. 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 Th17 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 Th1 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-γ (Lafaille et al. 1997). This notion was endorsed by the finding that
IFN-γ was found in active EAE lesions and also in MS biopsy material and indeed,
when administered as a recombinant drug to MS patients, IFN-γ exacerbated the
disease (Panitch et al. 1987; Traugott and Lebon 1988). However, when EAE was
induced in IFN-γ 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-γ pathway including IFN-γR KO,
TNF KO, Stat1 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 Th1 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 Th1 cells is well established. Thus, IL-6, IL-23, ROR-
γt, 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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et al. 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-γ 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-γ when restimulated in the presence of IL-23 and in the absence
of TGF-β (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-γ, largely decreases the ability of Th17 cells to induce EAE. Conversely,
exposure of T-bet-deficient autoreactive T cells to TGF-β3 induces these cells to
become highly encephalitogenic (see above; Lee et al. 2012). Therefore, TGF-β3
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-γ) or completely turn
to the production of IFN-γ, 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 Th1 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” Th1 cell and an IFN-γ-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-γR KO recipients of encephalitogenic wild-type T cells develop prominent brain
stem inflammation, suggesting that the inability to sense IFN-γ 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, Th1 (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-γ 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-γ ver-
sus IL-17 promoting) distinct T cell reactions (Stromnes et al. 2008). Third, since
the integrin expression on Th1 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 α4 integrin-
independent manner, while Th1 cells are essentially dependent on the expression of
α4 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 Th1 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., CCR7+CD45RA−) 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-γ 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-γ, 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-β treatment, while IFN-β was inefficient or even worsened the clinical
disease in Th17-induced EAE (Axtell et al. 2010). Although IFN-β 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-β failed to induce IL-10 in T cells—a process,
which is mainly dependent on IFN-γ signaling into APCs. In this in vivo model,
IFN-β and IFN-γ 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-γ 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-β 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-β
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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-β treatment (Lee et al. 2011a).
However, this finding was not reproduced in a much larger and well-defined cohort
of patients from the dose–response trial of IFN-β1a (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 a result 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 a larger 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
γδ 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 Th1 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-γt, 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-γ 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 CD4+CD25+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 (TR1) cells and transforming growth factor β (TGFβ)-secreting T helper 3 (TH3)
cells (Roncarolo et al. 2001; Weiner 2001). The population of CD4+CD25+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 CD4+CD25+ cells in mice. Human Treg cells have
been described as a population of CD4+CD25high 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 CD25high 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+FoxP3lowCD25mid

Treg cell population.

2.2.1.1 Forkhead Box P3 (FoxP3) Is Essential for Immune 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
CD4+CD8− 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-7Rα) 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 CD4+ 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



2 Regulatory T Cells in MS 29

used to sufficiently distinguish between activated CD4+ T cells and Treg cells (Maz-
zucchelli and Durum 2007). Moreover, the fact that nonregulatory CD4+CD25+
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-γ (IFN-γ), 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 FoxP3+CD4+ 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 (CD62Llow) 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−FoxP3low-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 CD25+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 CD4+CD25+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 II
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-β and IL-10 (Powrie et al. 1996; Asseman et al. 1999).
TGF-β 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- β.
However, Kullberg et al. (2005) have shown that TGF-β 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-β 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-β 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 RORγ t,
a specific transcription factor for TH17 cells (Koenen et al. 2008, Ayyoub et al.
2009). Beriou et al. (2009) have identified a subset of Treg cells within a
CD4+CD45RA−CD25highCCRC6+HLA-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-17+/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-γ producing TH1-like cells is increased
(Nylander and Hafler 2012)

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 �FoxP3 (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 TR1 T cell. TR1 cells are
induced through activating signals such as CD3/CD46 cross-linking or IL-27 and
TGFβ. 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 CD4+CD25high 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+CD25high 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+CD25high 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 CD4+CD25+
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 CD4+CD25+ 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+CD25+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+CD25+FoxP3+ Treg cells in
the CSF of 17 treatment-naive MS patients with the number of Treg cells in the
peripheral blood. CD45ROhighCD95high 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+CD25high Treg
cells from healthy subjects effectively suppressed the proliferation of the respon-
der cells. In striking contrast to this, CD4+CD25high Treg cells from MS patients
showed an inadequate suppressive ability and inhibited proliferation only poorly.
A similar observation has been made after coculturing CD4+CD25high 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 CD4+CD25− responder cells from MS patients could be suppressed by
CD4+CD25high 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+CD25high 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 CD4+CD25+
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.



2 Regulatory T Cells in MS 35

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)
CD4+CD25+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+CD127lowCD45RA+) and memory
(CD4+CD25+CD127lowCD45RO+) 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-γ-Secreting TH1-Like T Cells Are More Prevalent in MS Patients

CD4+CD25highFoxP3+ Treg cells isolated ex vivo from patients with untreated
RRMS show a T helper type 1 (TH1)-like phenotype after stimulation with PMA
and ionomycin. The frequency of these IFN-γ- secreting TH1-like T cells was higher
in untreated RRMS patients compared with healthy controls (Fig. 2.2). Treg cells and
responderT cells from patients with RRMS have been cultured with an IFN-γ-specific
antibody showing that blocking IFN-γ 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-γ production. Moreover, a compar-
ison of Treg cells from IFN-β-treated RRMS patients with Treg cells from healthy
controls has shown a similar frequency of IFN-γ-secreting FoxP3+ T cells in both
groups. Comparable results have been reported for type 1 diabetes (Dominguez-Villar
et al. 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 TR1 cells. TR1 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,
Cyt1 (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 TH1-like response, characterized by elevated levels of
IL-2, IL-10, and IFN-γ and decreased secretion of IL-5. CD4+ T cells from healthy
controls and from untreated or IFN-β- 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-γ
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,
Cyt1, 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
CD58, 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 rs2300747G 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+CD25high 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 CD4+CD25+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 α and β 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 CD25+CD4+ Treg cells on the development of EAE in TCR MBP RAG-
1-deficient mice. In contrast to T/R− mice, T/R+ mice contain CD25+CD4+ T
cells. The adoptive transfer of CD25+4+ 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 MOG35−55-specific
Th1 cells in vitro.

Passive transfer of CD4+CD25+ 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 CD4+CD25+ 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 CD4+CD25−; while PLP139-151
tetramer-reactive T cells in B10.S mice have been shown to be CD4+CD25+. 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 CD4+CD25+ 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.

2.3.4.3 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 C57Bl/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
et al. 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 CD25+CD4+ T cells. Although cells from the lymph nodes of anti-CD25
antibody-treated mice produced more IFN-γ after stimulation with PLP139-151 in
vitro, the IL-10 secretion of these cells was significantly reduced. The adoptive
transfer of CD25+CD4+ 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-β, 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 a recent 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-β. Blood samples of 22 untreated RRMS
patients were analyzed before and after treatment with IFN-β-1a. The suppressive
function of CD4+CD25+ 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-β-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+CD25high Treg cells in the blood patients treated with GA and/or
IFN-β-1a compared with untreated MS patients and healthy controls (Putheti et al.
2004).

Natalizumab, a monoclonal antibody against the α-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+CD25high 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-γ 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 Th1 cells (Szabo et al. 2000). Under the hypothesis that the IL2,
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 Tbx21 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 IFNγ 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 Th1 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 Th1-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 CD4 T 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 IFNγ or IL-4, known as
T-helper 1 (Th1) 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 IFNγ 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 Th1 cells (Fig. 3.2b–c; Lovett-
Racke et al. 2004). There is a positive feedback loop between STAT1 and T-bet that
promotes the Th1 phenotype and induces the expression of the IL-12 receptor β2
chain (IL12Rβ2). When the IL12Rβ2 chain pairs with the constitutively expressed
IL12Rβ1 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 IFNγ and lineage commitment to a Th1 pheno-
type (Fig. 3.2e). Since Th1 cells express IFNγ and IFNγ initiates the differentiation
of Th1 cells, the microenvironment will continue to favor the differentiation of naive
CD4 T cells into Th1 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 RORγt induce
IL-17 expression (Fig. 3.2g–h). However, other cytokines have been implicated to
enhance Th17 commitment in conjunction with IL-6, namely TGFβ in murine T cells
(Figs. 3.1 and 3.2g) and TGFβ, IL-1β, 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. IFNγ and IL-12 promote the differentiation of Th1 cells, which are primarily
regulated by the transcription factor T-bet, express IFNγ, 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 TGFβ; however, only Th17 generated in the absence of TGFβ

are capable of causing EAE due to the negative regulation of T-bet by TGFβ. 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. TGFβ 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
CD8 T cells, CD4 T cells play vital roles in the development of antibodies and CD8
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 Th1 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 IFNγ

in myelin-specific T cells prior to transfer to recipient mice found that changing the
signaling pathways, which are necessary for Th1 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 Th1 differentiation
pathway, were resistant to EAE induction, supporting the hypothesis that EAE is
mediated by Th1 cells (Chitnis et al. 2001; Bettelli et al. 2004; Nath et al. 2006).
To determine whether IFNγ was a potential therapeutic target, EAE experiments in
mice deficient in IFNγ signaling were performed. Contrary to expectations, mice
deficient in IFNγ were susceptible to EAE (Ferber et al. 1996). In addition, systemic
treatment of mice with IFNγ-neutralizing antibodies did not suppress EAE (Lublin
et al. 1993; Heremans et al. 1996; Willenborg et al. 1996). Together, these studies
indicate that IFNγ 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 Th1 cells were sufficient to cause EAE, yet IFNγ 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 Th1 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, IFNγ 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 IFNγ and
Th1-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 Th1 cell differentiation
because it directly regulates the expression of the IFNγ 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 IFNγ gene.
a IFNγ gene is epigenetically
repressed via H3K27me3 in
naive CD4 T cells. b IFNγ

and IL-12 receptor signaling
induces T-bet, which recruits
H3K27 demethylase
complexes to the Ifng loci to
reverse the epigenetically
repressed state. c T-bet
recruits a permissive H3K4
methyl transferase to establish
a permissive epigenetic state
via H3K4me2. d Chromatin
remodeling allows
Th1-associated transcription
factors to bind and promote
IFNγ 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 IFNγ 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 IFNγ and commit to a Th1 lineage. However, T-bet also
plays a repressive role in Th1 cells by recruiting Bcl-6 to the Ifng loci late in Th1
cell differentiation (Oestreich et al. 2011). This results in reducing IFNγ 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 IFNγ-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
Il23r 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 IFNγ 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 IFNγ. Similarly, Th17 cells are found in the
CNS of mice with EAE induced by adoptive transfer of myelin-specific Th1 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 TGFβ (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
TGFβ 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 TGFβ is a negative regulator of
T-bet (Gorelik et al. 2002; Park et al. 2005). Therefore, Th17-inducing conditions
that included TGFβ-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 TGFβ also expressed T-bet, indicating that T-bet was a
critical factor in encephalitogenic T cells regardless of whether they expressed a Th1
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 Th1 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, IFNγ production was diminished and
enhanced the apoptosis of memoryT 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 IFNγ + 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 IFNγ +
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 Th1
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 Th1 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 Th1
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 IFNγ suggesting that Tim-3 inversely
correlates with IFNγ expression (Koguchi et al. 2006). Using an siRNA specific for
Tim-3, T cell proliferation and IFNγ production were reduced, demonstrating the
Tim-3 expression plays a significant role in Th1 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 IFNγ production as it did in control subjects, demonstrating a
defect in Tim-3 immunoregulation (Yang et al. 2008a, 2008b). Interestingly, glati-
ramer acetate or IFNβ 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 a role in dampening Th1 responses, it
appears that T-bet-regulated expression of Tim-3 plays a role 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 pSTAT1 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 IFNγ 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 IFNγ and IL-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, IFNβ has been used as a therapy for relapsing–remitting
MS. In a study to determine whether Th1 or Th17 cells were altered due to IFNβ

therapy, IFNγ and T-bet mRNA levels were reduced at 1-year postinitiation of IFNβ

therapy, while IL-17 and RORγt (the Th17-associated transcription factor) were
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unchanged (Drulovic et al. 2009). Analysis of IFNβ responders versus nonrespon-
ders found that reduced T-bet levels correlated with a favorable clinical response to
IFNβ 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 Th1-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 Bmi1, 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 IFNγ expression were also regulated by
miRNA (Ma et al. 2011; Steiner et al. 2011; Smith et al. 2012). IFNγ 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 IFNγ, committing the CD4 T cell to the Th1
lineage. However, miR-29 subsequently binds to the mRNA of T-bet and IFNγ,
demonstrating that a negative feedback loop exists as an additional mechanism to
maintain a proper balance of IFNγ and to dampen effector Th1 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/IFNγ 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 Is T-bet a Valid Therapeutic Target for Multiple Sclerosis?

The T-bet-regulated gene that has been studied the most extensively is IFNγ. The
contradictory data on the role of IFNγ in EAE and MS suggest that care must be taken
on how therapies may systemically alter IFNγ levels. So is T-bet a valid therapeutic
target in light of the data of EAE when IFNγ is suppressed? The observation that
IFNγ-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 IFNγ levels. The EAE data in IFNγ-deficient
mice and mice treated with antibodies to neutralize IFNγ suggested the IFNγ 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 IFNγ in humans may be
beneficial. In the 1980s, it was recognized that cytokines regulate immune responses
and it was hypothesized that IFNγ may be beneficial in normalizing the aberrant
immune responses observed in MS patients. IFNγ 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 IFNγ induces apoptosis of human
oligodendrocytes, the cells that make myelin, and IFNγ expression in MS lesions
colocalizes with apoptotic oligodendrocytes (Vartanian et al. 1995; Baerwald and
Popko 1998), suggesting that IFNγ may play a role in the demyelination observed in
the CNS of MS patients. These observations led to a clinical trial in which an IFNγ-
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 IFNγ 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-bet is 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 IFNγ in CD4 T cells,
but does not appear to regulate IFNγ 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 IFNγ production and any positive effects of IFNγ 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 IFNγ.
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T-bet and GATA3, the Th2- associated transcription factor, physically associate
and compete to dominate lineage-specific genes in order to generate Th1 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.

References

Acosta-Rodriguez EV, Napolitani G, Lanzavecchia A, Salluston F (2007) Interleukins 1beta and
6 but not transforming growth factor-beta are essential for the differentiation of interleukin
17-producing human T helper cells. Nat Immunol 8:942–949

Afkarian M, Sedy JR, Yang J, Jacobson NG, Cereg N, Yang SY, Murphy TL, Murphy KM (2002)
T-bet is a STAT1-induced regulator of IL-12R expression in naı̈ve CD4+ T cells. Nat Immunol
3:549–557

Anderson AC, Lord GM, Dardalhon V, Lee DH, Sabatos-Peyton CA, Glimcher LH, Kuchroo VK
(2010) T-bet, a Th1 transcription factor regulates the expression of Tim-3. Eur J Immunol
40:859–866



64 A. E. Lovett-Racke and M. K. Racke

Ando DG, Clayton J, Dono D, Urban JL, Sercarz EE (1989) Encephalitogenic T cells in the B10.PL
model of experimental allergic encephalomyelitis (EAE) are of the Th-1 lymphokine subtype.
Cell Immunol 124:132–43

Annunziata P, Morana P, Giorgio A, Galeazzi M, Campanella V, Lore F et al (2003) High frequency
of psoriasis in relatives is associated with early onset in an Italian multiple sclerosis cohort. Acta
Neurol Scand 108:327–331

Baerwald KD, Popko B (1998) Developing and mature oliodendrocytes respond differently to the
immune cytokine interferon-gamma. J Neurosci Res 52:230–239

Becher B, Durell BG, Noelle R (2002) Experimental autoimmune encephalitis and inflammation
in the absence of interleukin-12. J Clin Invest 110:493–497

Becher B, Durell BG, Noelle RJ (2003) IL-23 produced by CNS-resident cells controls T cell
encephalitogenicity during the effector phase of experimental autoimmune encephalomyelitis.
J Clin Invest 112:1186–1191

Beima KM, Miazgowicz MM, Lewis MD, Yan PS, Huang TH, Weinmann AS (2006) T-bet binding
to newly identified target gene promoters is cell type-independent but results in variable context-
dependent functional effects. J Biol Chem 281:11992–12000

Bergamaschi R, Villani S, Crabbio M, Ponzio M, RomaniA, VerriA et al (2009) Inverse relationship
between multiple sclerosis and allergic respiratory diseases. Neurol Sci 30:115–118

Bettelli E, Sullivan B, Szabo SJ, Sobel RA, Glimcher LH, Kuchroo VK (2004) Loss of T-bet but
not STAT1, prevents the development of experimental autoimmune encephalomyelitis. J Exp
Med 200:79–87

Bettelli E, Carrier Y, Gao W, Kom T, Strom TB, Oukka M, Weiner HL, Kuchroo VK (2006) Recip-
rocal developmental pathways for the generation of pathogenic effector TH17 and regulatory
T cells. Nature 441:235–238

Bornsen L, Khademi M, Olsson T, Sorensen PS, Sellebjerg F (2011) Osteopontin concentrations
are increased in cerebrospinal fluid during attacks of multiple sclerosis. Mult Scler 17:32–42

Chabas D, Baranzini SE, Mitchell D, Bernard CC, Rittling SR, Denhardt DT, Sobel RA, Lock
C, Karpuj M, Pedotti R, Heller R, Oksenberg JR, Steinman L (2001) The influence of
the proinflammatory cytokine, osteopontin, on autoimmune demyelinating disease. Science
294:1731–1735

Charcot JM (1968) Histologie de la sclerose en plaques Gazette des hopitaux. Paris 41:554–555
Chen Y, Langrish CL, McKenzie B, Joyce-Shaikh B, Stumhofer JS, McClanahan T, Blumenschein

W, Churakovsa T, Low J, Presta L, Hunter CA, Kastelein RA, Cua DJ (2006) Anti-IL-23 therapy
inhibits multiple inflammatory pathways and ameliorates autoimmune encephalomyelitis. J Clin
Invest 116:1317–26

Chitnis T, Najafian N, Benou C, Salama AD, Grusby MJ, Sayegh MH, Khoury SJ (2001) Effect
of targeted disruption of STAT4 and STAT6 on the induction of experimental autoimmune
encephalomyelitis. J Clin Invest 108:739–747

Codarri L, Gyulveszi G, Tosevski V, Hesske L, Fontana A, Magnenat L, Suter T, Becher B (2011)
RORγt drives production of the cytokine GM-CSF in helper T cells, which is essential for the
effector phase of autoimmune neuroinflammation. Nat Immunol 12:560–567

Cua DJ, Sherlock J, Chen Y, Murphy CA, Joyce B, Seymour B, Lucian L, To W, Kwan S, Chu-
rakova T, Zurawski S, Wiekowski M, Lira SA, Gorman D, Kastelein RA, Sedgwick JD (2003)
Interleukin-23 rather than interleukin-12 is the critical cytokine for autoimmune inflammation
of the brain. Nature 421:744–748

Drulovic J, Savic E, Pekmezovic T, Mesaros S, Stojavljevic N, Dujmovic-Basiroski I, Kostic J,
Vasic V, Stojkovic MM, Popadic D (2009) Expression of Th1 and Th17 cytokines and transcrip-
tion factors in multiple sclerosis patients: Does baseline T-bet mRNA predict the response to
interferon-beta treatment? J Neuroimmunol 215:90–95

Dubey C, Croft M, Swain SL (1996) Naı̈ve and effector CD4 T cells differ in their requirements
for T cell receptor versus costimulatory signals. J Immunol 157:3280–3289



3 T-bet: A Critical Regulator of Encephalitogenic T Cells 65

El-Behi M, Ciric B, Dai H, Yan Y, Cullimore M, Safavi F, Zhang GX, Dittel BN, Rostami A (2011)
The encephalitogenicity of T(H)17 cells is dependent on IL-1- and IL-23-induced production
of the cytokine GM-CSF. Nat Immunol 12:568–575

Ferber IA, Brock S, Taylor-Edwards C, Ridgway W, Dinisco C, Steinman L, Dalton D, Fathman CG
(1996) Mice with a disrupted IFN-gamma gene are susceptible to the induction of experimental
autoimmune encephalomyelitis (EAE). J Immunol 156:5–7

Finotto S, Neurath MF, Glickman JN, Qin S, Lehr HA, Green FH, Ackerman K, Haley K, Galle
PR, Szabo SJ, Drazen JM, De Sanctis GT, Glimcher LH (2002) Development of spontaneous
airway changes consistent with human asthma in mice lacking T-bet. Science 295:336–338

Frisullo G, Angelucci F, Caggiula M, Nociti V, Iorio R, Patanella AK, Sancricca C, Mirabella M,
Tonali PA, Batocchi AP (2006) pSTAT1, pSTAT3, and T-bet expression in peripheral blood
mononuclear cells from relapsing-remitting multiple sclerosis patients correlates with disease
activity. J Neurosci Res 84:1027–1036

Frisullo G, Nociti V, Iorio R, Patanella KA, Bianco A, Caggiula M, Sancricca C, Tonali PA,
Mirabella M, Batocchi AP (2007) Glucocorticoid treatment reduces T-bet and pSTAT1 expres-
sion in mononuclear cells from relapsing remitting multiple sclerosis patients. Clin Immunol
124:284–293

Frisullo G, Nociti V, Iorio R, Patanella AK, Caggiula M, Marti A, Sancricca C, Angelucci F,
Mirabella M, Tonali PA, Batocchi AP (2009) Regulatory T cells fail to suppress CD4+ T-bet
+ T cells in relapsing multiple sclerosis patients. Immunology 127:418–428

Frisullo G, Iorio R, Plantone D, Marti A, Nociti V, Patanella AD, Batocchi AP (2011) CD4+
T-bet+, CD4+ pSTAT3+ and CD8+ T-bet+ T cells accumulate in peripheral blood during NZB
treatment. Mult Scler 17:556–566

Ghoreschi K, Laurence A, Yang XP, Tato CM, McGeachy MJ, Konkel JE, Ramos HL, Wei L,
Davidson TS, Bouladoux N, Grainger JR, Chen Q, Kanno Y, Watford WT, Sun HW, Eberl G,
Shevach EM, Belkaid Y, Cua DJ, Chen W, O’Shea JJ (2010) Generation of pathogenic T(H)17
cells in the absence of TGF-β signalling. Nature 467(7318):967–971. doi: 10.1038/nature09447

Gielen AW, Lobell A, Lidman O, Khademi M, Olsson T, Piehl F (2005) Expression of T cell
immunoglobulin- and mucin-domain-containing molecules-1 and -3 (TIM-1 and -3) in the rat
nervous and immune systems. J Neuroimmunol 164:93–104

Gocke AR, Cravens PD, Ben LH, Hussain RZ, Northrop SC, Racke MK, Lovett-Racke AE (2007)
T-bet regulates the fate of Th1 and Th17 lymphocytes in autoimmunity. J Immunol
178:1341–1348

Gorelik L, Constant S, Flavell RA (2002) Mechanism of transforming growth factor beta-induced
inhibition of T helper type 1 differentiation. J Exp Med 195:1499–1505

Gran B, Zhang GX, Yu S, Li J, Chen XH, Ventura ES, Kamoun M, Rostami A (2002) IL-12p35-
deficient mice are susceptible to experimental autoimmune encephalomyelitis: evidence for
redundancy in the IL-12 system in the induction of central nervous system autoimmune
demyelination. J Immunol 169:7104–7410

Guerau-de-Arellano M, Smith KM, Godlewski J, Liu Y, winger R, Lawler SE, Whitacre CC,
Racke MK, Lovett-Racke AE (2011) Micro-RNA dysregulation in multiple sclerosis favours
pro-inflammatory T-cell-mediated autoimmunity. Brain 134:3578–89

Haak S, Croxford AL, Dreymborg K, Heppner FL, Pouly S, Becher B, Waisman A (2009) IL-17 A
and IL-17 F do not contribute vitally to autoimmune neuro-inflammation in mice. J Clin Invest
119:61–69

Heremans H, Dillen C, Groenen M, Martens E, Billiau A (1996) Chronic relapsing experimental
autoimmune encephalomyelitis (CREAE) in mice: enhancement by monoclonal antibodies
against interferon-gamma. Eur J Immunol 26:2393–2398

Hori S, Takahashi T, Sakaguchi S (2003) Control autoimmunity by naturally arising regulatory
CD4+ T cells. Adv Immunol 81:331–371

Hou J, Schindler U, Henzel WJ, Ho TC, Brasseur M, McKnight SL (1994)An interleukin-4-induced
transcription factor: IL-4 Stat. Science 265:1701–1706

Hsieh CS, Heimberger AB, Gold JS, O’Garra A, Murphy KM (1992) Differential regulation
of T helper phenotype development by interleukin 4 and 10 in an alpha beta T-cell-receptor
transgenic system. Proc Natl Acad Sci U S A 89:6065–6069



66 A. E. Lovett-Racke and M. K. Racke

Hur EM, Youssef S, Haws ME, Zhang SY, Sobel RA, Steinman L (2007) Osteopontin-induced
relapse and progression of autoimmune brain disease through enhanced survival of activated
T cells. Nat Immunol 8:74–83

Hwang ES, Szabo SJ, Schwartzberg PL, Glimcher LH (2005) T helper cell fate specified by
kinase-mediated interaction of T-bet with GATA-3. Science 307:430–343

Iorio R, Frisullo G, Nociti V, Patanella KA, Bianco A, Marti A, Mirabella M, Tonali PA, Batocchi
AP (2009) T-bet pSTAT1 and pSTAT3 expression in peripheral blood mononuclear cells during
pregnancy correlates with post-partum activation of multiple sclerosis. Clin Immunol 131:70–83

Jacobson NF, Szabo SJ, Weber-Nordt RM, Zhong Z, Schreiber RD, Darnell JE, Murphy KM
(1995) Interleukin 12 signaling in T helper type 1 (Th1) cells involves tyrosine phosphorylation
of signal transducer and activator of transcription (Stat) 3 and Stat4. J Exp Med 181:1755–1762

Jansson M, Panoutsakopoulou V, Baker J, Klein L, Cantor H (2002) Cutting edge: Attenuated
experimental autoimmune encephalomyelitis in eta-1/osteopontin-deficient mice. J Immunol
168:2096–2099

Jenner RG, Townsend MJ, Jackson I, Sun K, Bouwman RD, Young RA, Glimcher LH, Lord
GM (2009) The transcription factors T-bet and GATA-3 control alternative pathways of T-cell
differentiation through a shared set of target genes. Proc Natl Acad Sci U S A 106:17876–17881

June CH, Ledbetter JA, Linsley PS, Thompson CB (1990) Role of the CD28 receptor in T-cell
activation. Immunol Today 11:211–216

Karni A, Abramsky O (1999) Association of MS with thyroid disorders. Neurology 53:883–885
Khademi M, Illes Z, Gielen AW, Marta M, Takazawa N, Baecher-Allan C, Brundin L, Hannerz J,

Martin C, Harris RA, Hafler DA, Kuchroo VK, Olsson T, Piehl F, Wallstrom E (2004) T cell
Ig- and mucin-domain-containing molecule-3 (TIM-3) and TIM-1 molecules are differentially
expressed on human Th1 and Th2 cells and in cerebrospinal fluid-derived mononuclear cells
in multiple sclerosis. J Immunol 172:7169–7176

Kleiter I, Song J, Lukas D, hasan M, Neumann B, Croxford AL, Pedre X, Hovelmeyer N, Yogev N,
MildnerA, Prinz M, Wiese e, Reifenberg K, Bittner S, Siendl H, Steinman L, Becker C, Bogdahn
U, Neurath MF, Steinbrecher A, Waisman A (2010) Smad7 in T cells drives T helper 1 responses
in multiple sclerosis and experimental autoimmune encephalomyelitis. Brain 133:1067–1081

Koguchi K, Anderson DE, Yang L, O’Connor KC, Kuchroo VK, Hafler DA (2006) Dysregulated
T cell expression of TIM3 in multiple sclerosis. J Exp Med 203:1413–1418

Kohler RE, Comerford I, Townley S, Haylock-Jacobs S, Clark-Lewis I, McColl SR (2008)
Antagonism of the chemokine receptors CXCR3 and CXCR4 reduces the pathology of
experimental autoimmune encephalomyelitis. Brain Pathol 18:504–516

Komiyama Y, Nakae S, Matsuki T, Nambu A, Ishigame H, Kakuta S, Suko K, Iwakura Y
(2006) IL-17 plays an important role in the development of experimental autoimmune
encephalomyelitis. J Immunol 177:566–573

Korn-Lubetzki I, Kahana E, Cooper G, Abramsky O (1984) Activity of multiple sclerosis during
pregnancy and puerperium. Ann Neurol 16:229–231

Kroenke MA, Segal BM (2007) Th17 and Th1 responses directed against the immunizing epitope,
as opposed to secondary epitopes, dominate the autoimmune repertoire during relapses of
experimental autoimmune encephalomyelitis. J Neurosci Res 85:1685–1693

Kumar V, Stellrecht K, Sercarz E (1996) Inactivation of T cell receptor peptide-specific CD4
regulatory T cells induces chronic experimental autoimmune encephalomyelitis (EAE). J Exp
Med 184:1609–1617

Langrish CL, Chen Y, Blumenschein WM, Mattson J, Basham B, Sedgwick JD, McClanahan
T, Kastelein RA, Cua DJ (2005) IL-23 drives a pathogenic T cell population that induces
autoimmune inflammation. J Exp Med 201:233–40

Lees JR, Iwakura Y, Russell JH (2008) Host T cells are the main producers of IL-17 within
the central nervous system during initiation of experimental autoimmune encephalomyelitis
induced by adoptive transfer of Th1 cell lines. J Immunol 180:8066–72

Lewis MD, Miller SA, Miazgowicz MM, Beima KM, Weinmann AS (2007) T-bet’s ability
to regulate individual target genes requires the conserved T-box domain to recruit histone



3 T-bet: A Critical Regulator of Encephalitogenic T Cells 67

methyltransferase activity and a separate family member-specific transactivation domain. Mol
Cell Biol 27:8510–8521

Liu L, Huang D, Matsui M, He TT, Hu T, Demartino J, Lu B, Gerard C, Ransohoff RM (2006)
Severe disease, unaltered leukocyte migration, and reduced IFN-gamma production in
CXCR3-/- mice with experimental autoimmune encephalomyelitis. J Immunol 176:4399–4409

Lock C, Hermans G, Pedotti R, Brendolan A, Schadt E, Garren H, Langer-Gould A, Strober S,
Cannella B, Allard J, Klonowski P, Austin A, Lad N, Kaminski N, Galli SJ, Oksenberg JK,
Raine CS, Heller R, Steinman L (2002) Gene-microarray analysis of multiple sclerosis lesions
yields new targets validated in autoimmune encephalomyelitis. Nat Med 8:500–508

Lord GM, Rao RM, Choe H, Sullivan BM, Lichtman AH, Luscinskas FW, Glimcher LH (2005)
T-bet is required for optimal proinflammatory CD4+ T-cell trafficking. Blood 106:3432–3439

Lovett-Racke AE, Trotter JL, Lauber J, Perrin PJ, June CH, Racke MK (1998) Decreased
dependence of myelin basic protein-reactive T cells on CD28-mediated costimulation in
multiple sclerosis patients. A marker of activated/memory T cells. J Clin Invest 101:725–730

Lovett-Racke AE, Rocchini AE, Choy J, Northrop SC, Hussain RZ, Ratts RB, Sikder D, Racke
MK (2004) Silencing T-bet defines a critical role in the differentiation of autoreactive
T lymphocytes. Immunity 21:719–731

Lublin FD, Knobler RL, Kalman B, Goldhaber M, Marini J, Perrault M, D’Imperio C, Joseph
J, Alkan SS, Korngold R (1993) Monoclonal anti-gamma interferon antibodies enhance
experimental allergic encephalomyelitis. Autoimmunity 16:267–274

Ma F, Xu S, Liu X, Zhang Q, Xu X, Liu M, Hua M, Li N, Yao H, Cao X (2011) The microRNA
miR-29 controls innate and adaptive immune responses to intracellular bacterial infection by
targeting interferon-γ. Nat Immunol 12:861–869

Mangan PR, Harrington LE, O’Quinn DB, Helms WS, Bullard DC, Elson CO, Hatton RD, Wahl
SM, Schoeb TR, Weaver CT (2006) Transforming growth factor-β induces development of the
Th17 lineage. Nature 441:231–234

Marie JC, Letterio JJ, Gavin M, Rudensky AY (2005) TGF-beta1 maintains suppressor function
and Foxp3 expression in CD4+ CD25 + regulatory T cells. J Exp Med 201:1061–1067

McDonald AH, Swanborg RH (1988) Antigen-specific inhibition of immune interferon production
by suppressor cells of autoimmune encephalomyelitis. J Immunol 140:1132–1138

Miller SA, Huang AC, Miazgowicz MM, Brassil MM, Weinmann AS (2008) Coordinated but
physically separable interaction with H3K27-demethylase and H3K4-methyltransferase
activities are required for T-box protein-mediated activation of developmental gene expression.
Genes Dev 22:2980–2993

Monney L, Sabatos CA, Gaglia JL, Ryu A, Waldner H, Chernova T, Manning S, Greenfield EA,
Coyle AJ, Sobel RA, Freeman GJ, Kuchroo VK (2002) Th1-specific cell surface protein Tim-3
regulates macrophage activation and severity of an autoimmune disease. Nature 415:536–541

Mosmann TR, Cherwinski H, Bond MS, Giedlin MA, Coffman RL (1986) Two types of murine
helper T cell clones. I Definition according to profiles of lymphokine activities and secreted
proteins. J Immunol 136:2348–2357

Muller M, Carter SL, Hofer MJ, Manders P, Getts DR, Getts MT, Dreykluft A, Lu B, Gerard C,
King NJ, Campbell IL (2007) CXCR3 signaling reduces severity of experimental autoimmune
encephalomyelitis by controlling the parenchymal distribution of effector and regulatory T
cells in the central nervous system. J Immunol 179:2774–2786

Nath N, Giri S, Prasad R, Singh AK, Singh I (2004) Potential targets of 3-hydroxy-3-methylglutaryl
coenzyme A reductase inhibitor for multiple sclerosis therapy. J Immunol 172:1273–1286

Nath N, Prasad R, Giri S, Singh AK, Singh I (2006) T-bet is essential for the progression of
experimental autoimmune encephalomyelitis. Immunology 118:384–391

Ni J, Zhu YN, Zhong XG, Ding Y, Hou LF, Tong XK, Tang W, Ono S, Yang YF, Zuo JP
(2009) The chemokine receptor antagonist, TAK-779, decreased experimental autoimmune
encephalomyelitis by reducing inflammatory cell migration into the central nervous system,
without affecting T cell function. Br J Pharmacol 158:2046–2056



68 A. E. Lovett-Racke and M. K. Racke

Nielsen NM, Westergaard T, Frisch M, Rostgaard K, Wohlfahrt J, Koch-Henriksen N et al (2006)
Type 1 diabetes and multiple sclerosis: A Danish population-based cohort study. Arch Neurol
63:1001–1004

Oestreich KJ, Huang AC, Weinmann AS (2011) The lineage-defining factors T-bet and Bcl-6
collaborate to regulate Th1 gene expression patterns. J Exp Med 208:1001–1013

Oppmann B, Lesley R, Blom B, Timans JC, Xu Y, Hunte B, Vega F, Yu N, Wang J, Singh K, Zonin
F, Vaisberg E, Churakova T, Liu M, Gorman D, Wagner J, Zurawski S, Liu Y, Abrams JS,
Moore KW, Rennick D, Waal-Malefyt R de, Hannum C, Bazan JF, Kastelein RA (2000) Novel
p19 protein engages IL-12p40 to form a cytokine, IL-23, with biological activities similar as
well as distinct from IL-12. Immunity 13:715–725

Panitch HS, Hirsch RL, Haley AS, Johnson KP (1987) Exacerbation of multiple sclerosis in
patients treated with gamma interferon. Lancet 1:893–895

Parham C, Chirica M, Timans J, Vaisberg E, Travis M, Cheung J, Pflanz S, Zhang R, Singh KP,
Vega F, To W, Wagner J, O’Farrell AM, McClanahan T, Zurawski S, Hannum C, Gorman
D, Rennick DM, Kastelein RA, de Waal Malefyt R, Moore KW (2002) A receptor for the
heterodimeric cytokine IL-23 is composed of IL- 12Rbeta1 and a novel cytokine receptor
subunit IL-23R. J Immunol 168:5699–5708

Park IK, Shultz LD, Letterio JJ, Gorham JD (2005) TGF-beta1 inhibits T-bet induction by
IFN-gamma in murine CD4+ T cells through the protein tyrosine phosphatase Src homology
region 2 domain-containing phosphatase-1. J Immunol 175:5666–5674

Paulos CM, Carpenito C, Plesa G, Suhoski MM, Varela-Rohena A, Golovina TN, Carroll RG,
Riley JL, June CH (2010) The inducible costimulator (ICOS) is critical for the development of
human T(H)17 cells. Sci Transl Med 2:55ra78

Pedotti R, Farinotti M, Falcone C, Borgonovo L, Confalonieri P, Campanella A et al (2009) Allergy
and multiple sclerosis: a population-based case-control study. Mult Scler 15:899–906

Peng X, Jin J, Montes M, Sujkowski D, Tang Y, Smrtka J, Vollmer T, Singh I, Markovic-Plese
S (2006) Immunomodulatory effects of 3-hydroxy-3-methylglutaryl coenzyme-A reductase
inhibitors, potential therapy for relapsing remitting multiple sclerosis. J Neuroimmunol
178:130–139

Ponomarev ED, Shriver LP, Maresz K, Pedras-Vasconcelos J, Verthelyi D, Dittel BN (2007)
GM-CSF production by autoreactive T cells is required for the activation of microglial cells
and the onset of experimental autoimmune encephalomyelitis. J Immunol 178:39–48

Qin S, Rottman JB, Myers P, Kasam N, Weinblatt M, Loetscher M, Koch AE, Moser B, Mackay
CR (1998) The chemokine receptors CXCR3 and CCR5 mark subsets of T cells associated
with certain inflammatory reactions. J Clin Invest 101:746–754

Racke MK, Bonomo A, Scott DE, Cannella B, Levine A, Raine CS, Shevach EM, Rocken M (1994)
Cytokine-induced immune deviation as a therapy for inflammatory autoimmune disease. J Exp
Med 180:1961–1966

Racke MK, Burnett D, Pak SH, Albert PS, Cannella B, Raine CS, McFarlin DE, Scott DE (1995)
Retinoid treatment of experimental allergic encephalomyelitis. IL-4 production correlates with
improved disease course. J Immunol 154:450–458

Rivers RM, Spunt DH, Berry GP (1933) Observations on attempts to produce acute disseminated
encephalomyelitis in monkeys. J Exp Med 58:39–53

Roquer J, Escudero D, Herraiz J, Maso E, Cano F (1987) Multiple sclerosis and Hashimoto’s
thyroiditis. J Neurol 234:23–24

Rottman JB, Smith T, Tonra JR, Ganley K, Bloom T, Silva R, Pierce B, Gutierrez-Ramos JC,
Ozkaynak E, Coyle AJ (2001) The costimulatory molecule ICOS plays an important role in the
immunopathogenesis of EAE. Nat Immunol 2:605–611

Sallusto F, Lenig D, Mackay CR, Lanzavecchia A (1998) Flexible programs of chemokine receptor
expression on human polarized T helper 1 and 2 lymphocytes. J Exp Med 187:875–883

Shinohara ML, Jansson M, Hwang ES, Werneck MK, Glimcher LH, Cantor H (2005) T-bet-
dependent expression of osteopontin contributes to T cell polarization. Proc Natl Acad Sci U
S A 102:17101–17106

Skurkovich S, Boilo A, Beliaeva I, Buglak A, Alekseeva T, Smirnova N, Kulakova O, Tchechonin
V, Gurova O, Deomina T, Favorova OO, Skurkovic B, Gusev E (2001) Randomized study of



3 T-bet: A Critical Regulator of Encephalitogenic T Cells 69

antibodies to IFN-gamma and TNF-alpha in secondary progressive multiple sclerosis. Mult
Scler 7:277–284

Sloka S (2002) Observations on recent studies showing increased co-occurrence of autoimmune
diseases. J Autoimmun 18:251–257

Smith KM, Guerau-de-Arellano M, Costinean S, Williams JL, Bottoni A, Mavrikis Cox G, Satoskar
AR, Croce CM, Racke MK, Lovett-Racke AE, Whitacre CC (2012) miR-29ab1 deficiency
identifies a negative feedback loop controlling Th1 bias that is dysregulated inmultiple sclerosis.
J Immunol 189(4):1567–1576. doi: 10.4049/jimmunol.1103171. (Epub 2012 Jul 6)

Sporici RA, Beswick RL, von Allmen C, Rumbley CA, Hayden-Ledbetter M, Ledbetter JA, Perrin
PJ (2001) ICOS ligand costimulation is required for T-cell encephalitogenicity. Clin Immunol
100:277–288

Sporici R, Issekutz TB (2010) CXCR3 blockade inhibits T-cell migration into the CNS during
EAE and prevents development of adoptively transferred, but not actively induced disease. Eur
J Immunol 40:2751–2761

Steiner DF, Thomas MF, Hu JK, Yang Z, Babiarz JE, Allen CD, Matloubian M, Blelloch R, Ansel
KM (2011) MicroRNA-29 regulates T-box transcription factors and interferon-γ production in
helper T cells. Immunity 36:169–181

Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher LH (2000) A novel transcription
factor, T-bet directs th1 lineage commitment. Cell 100:655–669

Szabo SJ, Sullivan BM, Stemmann C, Satoskar AR, Sleckman BP, Glimcher LH (2002) Distinct
effects of T-bet in Th1 lineage commitment and IFN-γ production in CD4 and CD8 T cells.
Science 295:338–342

Tan AH, Goh SY, Wong SC, Lam KP (2008) T helper cell-specific regulation of inducible
costimulator expression via distinct mechanisms mediated by T-bet and GATA-3. J Biol Chem
283:128–136

Traugott U, Lebon P (1988) Multiple sclerosis: involvement of interferons in lesion pathogenesis.
Ann Neurol 24:243–251

Tzartos JS, Friese MA, Craner MJ, Palace J, Newcombe J, Esiri MM, Fugger L (2008) Interleukin-
17 production in central nervous system-infiltrating T cells and glial cells is associated with
active disease in multiple sclerosis. Am J Pathol 172:146–155

Vartanian T, Li Y, Zhao M, Stefansson K (1995) Interferon-gamma-induced oligodendrocyte cell
death: implications for the pathogenesis of multiple sclerosis. Mol Med 1:732–743

Veldhoen M, Hocking RJ, Atkins CJ, Locksley RM, Stockinger B (2006) TGFbeta in the context
of an inflammatory cytokine nilieu supports de novo differentiation of IL-17-producing T cells.
Immunity 24:179–189

Waldburger KE, Hastings RC, Schaub RG, Goldman SL, Leonard JP (1996) Adoptive transfer
of experimental allergic encephalomyelitis after in vitro treatment with recombinant murine
interleukin-12. Preferential expansion of interferon-gamma-producing cells and increased
expression of macrophage-associated inducible nitric oxide synthase as immunomodulatory
mechanisms. Am J Pathol 148:375–382

Wen ST, Liu GJ, Feng RN, Gong FC, Zhong H, Duan SR, Bi S (2012) Increased levels of IL-23 and
osteopontin in serum and cerebrospinal fluid of multiple sclerosis patients. J Neuroimmunol
244:94–96

Willenborg DO, Fordham S, Bernard CC, Cowden WB, Ramshaw IA (1996) IFN-gamma plays
a critical down-regulatory role in the induction and effector phase of myelin oligodendrocyte
glycoprotein-induced autoimmune encephalomyelitis. J Immunol 157:3223–3227

Wilson NJ, Boniface K, Chan JR, McKenzie BS, Blumenschein WM, Mattson JD, Basham B,
Smith K, Chen T, Morel F, Lecron JC, Kastelein RA, Cua DJ, McClanahan TK, Bowman EP,
de Waal Malefyt R (2007) Development, cytokine profile and function of human interleukin
17-producing helper T cells. Nat Immunol 8:950–957

Yang L, Anderson D, Baecher-Allan C, Hastings WD, Bettelli E, Oukka M, Kuchroo VK and H
(2008a) Il-21 and TGF-beta are required for differentiation of human T(H)17 cells. Nature
454:350–352

Yang L, Anderson DE, Kuchroo VK, Hafler DA (2008b) Lack of TIM-3 immunoregulation in
multiple sclerosis. J Immunol 180:4409–4414



70 A. E. Lovett-Racke and M. K. Racke

Yang Y, Weiner J, Liu Y, Smith AJ, Huss DJ, Winger R, Peng H, Cravens PD, Racke MK,
Lovett-Racke AE (2009) T-bet is essential for encephalitogenicity of both Th1 and Th17 cells.
J Exp Med 206:1549–1564

Yao Z, Painter SL, Fanslow WC, Ulrich D, Macduff BM, Springs MK, Armitage RJ (1995) Human
IL-17: a novel cytokine derived from T cells. J Immunol 155:5483–5486

Yi-qun Z, Joost van Neerven RJ, Kasran A, Boer M de, Ceuppens JL (1996) Differential
requirements for co-stimulatory signals from B7 family members by resting versus recently
activated memory T cells towards soluble recall antigens. Int Immunol 8:37–44

Yura M, Takahashi I, Serada M, Koshio T, Nakagami K, Yuki Y, Kiyono H (2001) Role of MOG-
stimulated Th1 type “light up” (GFP+) CD4+ T cells for the development of experimental
autoimmune encephalomyelitis (EAE). J Autoimmun 17:17–25

Zhang GX, Yu S, Gran B, Li J, Siglienti I, Chen X, Calida D, Ventura E, Kamoun M, Rostami A
(2003) Role of IL-12 receptor beta 1 in regulation of T cell response by APC in experimental
autoimmune encephalomyelitis. J Immunol 171:4485–4492

Zheng W, Flavell RA (1997) The transcription factor GATA-3 is necessary and sufficient for Th2
cytokine gene expression in CD4 T cells. Cell 89:587–596



Chapter 4
Antigen-Presenting Cells in the Central Nervous
System

Nathalie Koning, Juan M. Ilarregui, Juan J. García-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 naı̈ve 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 naı̈ve 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 I 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 IFNγ-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-κB, 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, TNFα, IL-12, and IL-
23. Some TLRs, such as TLR1, TLR2, TLR4, TLR5, 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, TLR8, and TLR9) are located in en-
docytic compartments, where they are able to recognize RNA and unmethylated CpG



4 Antigen-Presenting Cells in the Central Nervous System 73

Cytotoxicity and
lysis of target cells

Activation MQ
Antibody production

Inhibition of 
immune responses

IL-4

TGfb

TGFb, IL-6
IL-23

IL-12

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,
CD4 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-1β (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 Ca2+-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; García-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-
ferentAPC 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 β-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 TRegs cells.

CLRs are Ca2+-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 Ca2+ 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 (Gln-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. 2006a, 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
(García-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 Ca2+-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; García-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
against inflammatory 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
cells in the 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 TGFβ 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
et al. 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 TNFα 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
naı̈ve 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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(Bartholomäus 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-associatedAPC 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-associatedAPC 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 effectiveAPC, 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 naı̈ve 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 naı̈ve 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 naı̈ve 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 naı̈ve T cells in the cervical lymph
nodes (Ohashi et al. 2000; Fabriek et al. 2005; deVos 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 naı̈ve 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 TRegs. 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-β, 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 TRegs 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-β (Zhang et al. 2012; Brown 2012; Rabinovich and Croci 2012;
Gross et al. 2012; Raı̈ch-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 LewisX-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; García-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 Gal1 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 Gal1 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-expressingAPC 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; García-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,



86 N. Koning et al.

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 × 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 Lewisa and LewisX

(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 onAPC 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 TNFα 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 Gal1, 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).

Gal1, 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). Gal1 is also upregulated in the CNS during EAE, with
the highest value at the peak of the disease. High Gal1 expression was observed on
infiltrating CD4+ T cells and CD11b+ cells as well as on GFAP+ astrocytes border-
ing the lesion area. Gal1 is similarly upregulated in DLNs and spleens in mice during
the peak and resolution of EAE (Ilarregui et al. 2009). Gal1 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 Gal1 in limiting the inflammatory response in MS.

Gal1 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 μg/day/mice of Gal1 ameliorates EAE, limiting microglia
activation, axonal loss and demyelination, and promoting synaptic repair. (Starossom
et al. 2012). Therefore, lack of endogenous Gal1 increases classical microglia ac-
tivation promoting axonal damage during autoimmune neuroinflammation in mice.
In the same manner, Gal1 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 Gal1 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 Gal1
reduces the severity of EAE by selective elimination of Th1 and Th17 pathogenic
T cells (Rabinovich and Toscano 2009; Toscano et al. 2007; Offner et al. 1990).
Moreover, Gal1−/− 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 Gal1 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;
Li et al. 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 IFNγ 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 IFNγ induce Gal3 expression and secretion into the extracellular
space (Jeon et al. 2010). Moreover, Gal3-treated primary microglia and astrocytes
upregulate the expression of TNFα, IL-1β, 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 MS, 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.



100 B. Hemmer et al.

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. 2006).

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-α; 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/μl. 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, CD19+CD138+ 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 IgM−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 CXCR5, 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 CXCR5 and upregulation of the CXCR4 receptor and
alpha4 beta1 integrins under the control of B-lymphocyte-induced maturation pro-
tein 1 (BLIMP-1). Consequently, the CXCL5 receptor is downregulated on B cells
during the maturation to plasma cells, whereas other B cells, e.g., plasma blasts still
express CXCR5. After CXCL13 is upregulated during neuroinflammation, mainly
plasma blasts or B cells that express CXCR5 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 1011. The
human antibody repertoire uses 51 functional germline genes, which are divided into
families based on sequence homology. Of the seven VH families, the largest are VH3
and VH4 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 VH usage in peripheral blood B cells of MS patients
is similar to those of healthy individuals. The VH usage approximates the germline
prevalence or is slightly biased towards excess of VH3 family sequences. However,
in the CSF of MS patients, clonal expansion of B cells and a bias towards certain VH

has been observed (Owens et al. 2001). Also, patients with CIS showed clonal expan-
sion and VH 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 VH4 family gene segments. On average, around 70 % of
CD138+ B cells use a functional VH4 heavy chain sequence and most were V(D)J re-
arrangements of three specific gene segments. VH4 bias in CD19+ B cells was not as
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pronounced as in CD138+ plasma blasts.As noted before, thisVH4 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 VH repertoires have been observed in response to both infectious
and autoimmune disease. In subacute sclerosing panencephalitis, which is caused by
measles virus, VH1 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 VH5 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
coincidentVH2 family sequence bias. CIS patients with aVH4 orVH2 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 framework1 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 VH4 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
et al. 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-α- 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 μg
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
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Fig. 6.1 Increased numbers of patients with (a) multiple sclerosis (MS) and (b) ulcerative colitis
(inflammatory bowel diseases) in Japan
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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).
However, 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). AsAfrican 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 NFκB activation and IκBα 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 α-chain and a noninvariant β-chain biased for
usage of particularVβ 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 NK1.1 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-γ) 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 α-galactosylceramide, a strong agonist for iNKT cells,
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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 α-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
(Illes 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 α-galactosylceramide. iNKT cells react to vari-
ous lipid ligands derived from bacteria (Yamamura et al. 2007; Kinjo et al. 2005;
Chang et al. 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 β2-
microglobulin−/− mice, CD1d−/− mice, and TCR Jα281−/− 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 α-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 α-chain and semi-invariant
β-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 MR1, 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
B9) 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-γ, 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 Th1 cells and IFN-γ in
pathogenesis of EAE and MS. In CNS lesions, IFN-γ is abundant in both EAE and
MS and administration of IFN-γ 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-γ 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-γ nor IL-12 is necessary for EAE development and that both
of them actually suppress disease. These surprising findings contradicted the Th1
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-23−/− 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
et al. 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, Th1 and
Th17 cells, perhaps due to effects of their respective hallmark cytokines, IFN-γ 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-γ
nor IL-17 is crucial for EAE susceptibility and that other product(s), some of them
possibly yet unknown, secreted by Th1 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-β 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-β isoforms, TGF-
β3 in combination with IL-6 induces highly pathogenic Th17 cells (Lee et al. 2012).
Furthermore, TGF-β3 production by developing Th17 cells is dependent on IL-23
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(Lee et al. 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
et al. 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-β production by T cells
seems to be necessary for EAE development; however, TGF-β 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-β,
IL-23, IL-12, IL-27, and IL-1β and transcription factors T-bet and RORγt 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-CSF, 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-γ (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−/− MBP(Ac1–11) TCR–transgenic splenocytes were activated for 72 h with MBP(Ac1−11)

in the presence of IL-12 (Th1 conditions) or TGF-β plus IL-6, anti-IFN-γ, and anti-IL-4 (Th17
conditions), then allowed to “rest” for 2 days in the presence of IL-2 and then reactivated for 72 h
with MBP(Ac1−11) in the presence of IL-12 (Th1 conditions) or IL-23 (Th17 conditions). Clinical
scores of mice that received 5 × 106 MBP(Ac1−11)-specific wild-type or Csf2−/− Th1 or Th17
cells enriched by magnetic beads after the second stimulation in the presence of IL-23, followed
by intraperitoneal injection of pertussis toxin on days 0 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, Th 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 (CSF2Rα) that binds GM-CSF with low affinity,
and a common signal-transduction subunit (CSF2Rβ; 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 et al. 1997). The binding of GM-CSF to its receptor initiates signal transduction
involving JAK2, STAT5, 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



132 M. El-Behi et al.

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 inArmitage 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 CD4+ 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 CD4+CD25+ regulatory T cells (Tregs) or γδ T
cells cultures (Min et al. 2010). However, during EAE, CNS-infiltrating γδ T cells
expressed GM-CSF, which suggests that an inflammatory environment can induce
GM-CSF in these cells (Lukens et al. 2012).
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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-CSFR 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
et al. 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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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, Th 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
et al. 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 CX3CR1+ 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 CD4+ T cells (enriched
Th17 cells) but not disease induced by transferring CD4+ T cells treated with IL-12
(enriched Th1 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 Th1 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 conclusion is in
agreement with other lines of evidence (i.e., the crucial role of IL-23), demonstrating
that Th17 cells play an essential role in EAE, whereas the role of Th1 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 C57Bl/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-γ and IL-17A, but not GM-CSF, can transfer EAE (Codarri
et al. 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
et al. 2011).

It should be noted that the aforementioned conclusions on the role of GM-CSF in
the encephalitogenicity of Th1 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 Th1 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 Th1 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 Th1 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 Th1 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-γ, while losing expression of RORγt 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 Th1 cells in the CNS of EAE mice arise from Th17 cells (Hirota
et al. 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-γ (Hirota et al. 2011). Most of the IFN-γ+IL-17A− T cells
found in the CNS were also eYFP+ indicating that the majority of Th1 cells found
in the CNS originated from Th17 cells (Hirota et al. 2011). Together with IFN-γ,
these eYFP+ Th1 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-β and by Th1 and Th2 cytokines IFN-γ 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-β can explain why Th17 cells treated
with TGF-β 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-1β 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 Th1 cells whereas IL-23
drives production of GM-CSF by Th17 cells (Codarri et al. 2011; El-Behi et al. 2011;
Young et al. 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-1β upregulates GM-CSF expression in Th17 cells. a Flow cytometry of CD4+ cells
among CD4+CD25−CD62LhiCD44lo 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-β plus IL-6 (top row) or IL-23 (bottom
row) in the presence of no cytokines, IL-1β (10 ng/ml) or TNF (10 ng/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, IL interleukin. (Figure first published in Nature
Immunology, El-Behi et al. 2011)

et al. 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
RORγt drive Th1, Th2, and Th17 developmental programs, respectively. Given that
all three Th lineages produce GM-CSF, 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-
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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 RORγt 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 RORγt 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 MOG35−55 did not produce
GM-CSF after ex vivo restimulation with MOG35−55 (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 RORγt 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 CD4+ 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, Tc1, or Tc17 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 naı̈ve 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,
TLR5 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, a relative of TLR5 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, MDA5 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-β (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).

MyD88 is essential for the downstream signalling of all known TLRs, except
TLR3. Both TLR2 and TLR4 require TIRAP/Mal for bridging between TLR and
MyD88. 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 IRAKs then dissociate from MyD88 and interact with
TNFR-associated factor 6 (TRAF6). TRAF6 acts as an ubiquitin E3 ligases and with
its E2 counterparts, Uev1A 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-β-activated kinase 1 (TAK1), TAK1-binding protein 1 (TAB1),
TAB2 and TAB3 is activated by the unconjugated free K63 polyubiquitin chain and
phosphorylates Ikβ kinase (IKK)-β and MAP kinase kinase 6. Consequently, the
IKK complex composed of IKK-α, IKK-β and NF-κβ essential modulator (NEMO),
phosphorylates IκB, an NF-κB inhibitory protein (Takeuchi and Akira 2010). Phos-
phorylated IκB 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 IRAKs and consequently the induction of NF-κB-dependent genes, including TNF-
α, 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-β and IFN-inducible genes

NF-κB 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-κB 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 TLR2 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. 2006). 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-α, IFN-β and
IFN-inducible genes (Takeda and Akira 2005). TLR3 also recognises polyi-
nosinic:polycytidylic acid (poly I:C), a synthetic analogue of viral dsRNA (O’Brien
et al. 2008), which also activates the cytosolic receptor MDA-5.
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TLR4, 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).

TLR5, a cell surface receptor, is activated by flagellin, a protein expressed on
motile bacteria (Gewirtz et al. 2001). TLR7 and TLR8 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 TLR8 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 TLR9 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 TLR8
were expressed by human CD25hiCD4+ Tregs but not CD25− naı̈ve CD4+ T cells
(Peng et al. 2005). Another group working on magnetically purified human Tregs
described increased expression of TLR4 on CD4+CD25+ Tregs as compared to
CD4+CD25− T cells (Lewkowicz et al. 2006). Crellin et al. reported that Tregs
expressed higher levels of TLR5 mRNA (Crellin et al. 2005). In another study, pu-
rified tonsillar T cells expressed mRNA for TLR1, TLR2, TLR3, TLR5, TLR9 and



8 The Role of Toll-Like Receptors in Multiple Sclerosis . . . 155

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 naı̈ve CD45RBhighCD4+
T cells from C57/BL6 mice expressed TLR1, TLR2, TLR3, TLR6 and TLR7 but
not TLR4, TLR5 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 CD45RBlowCD4+ T cells, and par-
ticularly the CD25+ subset, expressed TLR4 and TLR5 (Caramalho et al. 2003).
However, Gelman et al. reported that TLR3, TLR4, TLR5 and TLR9 but not TLR2
was detected in naı̈ve 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 TLR9, yet little if any TLR3, TLR4, TLR5 and TLR8
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-β 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
et al. 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 β-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 β and γ 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+CD127negFOXP3+ 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 naı̈ve (FOXP3lowCD45RA+) and effector-memory
(FOXP3hiCD45RA−) ( 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 TLR8 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.
c 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 TLR8 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 CD45RBlow T cells was enhanced by culture
with LPS whether these T cells were CD25+ or CD25− (Caramalho et al. 2003). En-
gagement of TLR5 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 CD4+CD25+ T cells were specifically TLR2-dependent
as demonstrated by experiments with neutralising antibodies (Zanin-Zhorov et al.
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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+CD25hi Tregs and, to a
lesser extent, on CD4+CD25− 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

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-β 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
TLR9 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-β (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



160 M. H. Nyirenda et al.

(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). HMGB1 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-κB 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-β treatment compared with patients that did not re-
spond. This suggests a role for TLR4 and its associated pathways in response to
IFN-β treatment (Bustamante et al. 2011). It has also been shown that treatment
with IFN-β 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-β was shown to affect the func-
tion of pDCs through TLR9. pDCs from patients on IFN-β treatment produced lower
levels of pro-inflammatory cytokines in response to TLR9 agonists than non-IFN-
β-treated patients, suggesting that IFN-β may have an immunomodulatory effect on
TLR9 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-β 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 Th1 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-κB 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-β- neutralising
antibodies over long courses of IFN treatment. Polymorphisms within the TLR6
gene have a direct correlation to a production of anti-IFN-β antibodies, which can
nullify the effect of IFN-β 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-β, one of the critical products of the MyD88-independent
signalling pathway, and that neutralisation of IFN-β 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-β 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
MyD88-independent signalling also developed more severe disease. The studies fur-
ther suggested that IFN-β-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-β 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-
κB pathway and the anti-inflammatory IRF7 pathway. Both pathways start through
the MyD88 molecule, with the pro-inflammatory arm running through NF-κB 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-α and IFN-β (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, TLR8 has been reported to recognise synthetic
imidazoquinolines in addition to ssRNA (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 a role 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-β 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)-inducedTLR2-mediated signalling pathway (Zhou et al. 2010). The authors
suggested that inhibiting TLR signalling in LCMV-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 et al. 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
TLR9 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-α 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-γ 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 Th1 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 [MOG]), 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; SJL 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 Th1 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 Ly6ClowCCR2-CX3CR1hi 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-γ 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-γ
receptor), CD80, and CD86 (costimulatory signal molecules) while M2 macrophages
express CD23 (Fcε 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
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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 CX3CR1 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-1β, IL-12, and
TNF-α 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. 2006).
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-α 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.

Adult human microglia in culture can also be polarized by appropriate cytokines.
Interestingly, myelin phagocytosis was higher in M2 than in M1 human microglia,
and this was elevated from that observed with macrophages (Durafourt et al. 2012).

9.6 Macrophages/Microglia in EAE and MS

9.6.1 Requirement of Monocytes/Macrophages, and Activation of
Microglia, to Produce Disease

The rapid recruitment of blood-borne monocytes to become CNS macrophages, the
activation of resident microglia and perivascular macrophages (PVMs), together
with the recruitment of T cells, are among the most consistent alterations observed
in MS and EAE (Bruck et al. 1995; Ford et al. 1995). In EAE, proinflammatory
monocytes egress from the bone marrow and they accumulate in blood before entering
into the CNS to produce pathology (King et al. 2009; Mildner et al. 2009). Mice
deficient for the CCR2 receptor, which facilitates the trafficking of monocytes into
inflamed tissues, are protected from EAE (Mildner et al. 2009). King et al. (2009)
reported that granulocyte-macrophage colony-stimulating factor mobilized CD11b+
Ly6Chigh proinflammatory monocytes from the bone marrow to produce an earlier
onset and increased severity of EAE (King et al. 2009). Using a combination of
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irradiation and parabiosis, the infiltration of monocytes into the CNS was found
to be necessary to drive the progression of clinical severity of EAE from mild to
paralysis (Ajami et al. 2011).

Recently, we observed that CD11b+ Ly6ChighCCR2+ proinflammatory mono-
cytes (similar to M1 cells described above) increase in numbers in the blood of
mice by the next day following myelin peptide immunization for EAE, and that
these cells accumulate for several days in blood prior to their entry into the CNS
to produce pathology (Mishra et al. 2012). The migration of blood-accumulated
monocytes into the CNS was correspondent with their elevated expression of the
cell adhesion molecule, CD62L. Interestingly, we determined that the emerging MS
medication, laquinimod, reduced the levels of CD62L and attenuated the migration of
proinflammatory monocytes into the CNS correspondent with prevention of clinical
manifestations of EAE (Mishra et al. 2012).

Prior to the description of proinflammatory monocytes, other authors have already
reported on the essential role of migration of monocytes into the CNS to produce
EAE. The depletion of monocytes/macrophages in rodents by treatment with silica
dust or clodronate liposome reduced or prevented the clinical manifestations of EAE
(Brosnan et al. 1981; Huitinga et al. 1990). Interestingly, clodronate liposomes
eliminated only monocytes and peripheral blood-borne macrophages and PVMs but
not the resident parenchymal microglia (Bauer et al. 1995; Fabriek et al. 2005). In
addition, monocyte/macrophage depletion reduced the influx of CD4+ T cells in
the CNS, suggesting that they are critical for the subsequent infiltration of T cells
into the CNS (Bauer et al. 1995; Tran et al. 1998). The depletion of infiltrating
macrophages also resulted in inhibition of microglia activation (Bauer et al. 1995).
These studies emphasize the requirement of monocytes/macrophages to orchestrate
the immunological cascade that leads to EAE and MS.

Microglia activation is also important in the pathogenesis of MS and EAE. Mi-
croglial activation is a hallmark of demyelinating lesions in different models of EAE
(Ponomarev et al. 2005; Rasmussen et al. 2007) and MS (Prineas et al. 2001). Mi-
croglial activation has been observed prior to demyelination in MS (Marik et al.
2007). In support, PET imaging data show that microglia activation was already
apparent in the normal appearing white matter in MS, an area devoid of leukocyte
infiltration, demyelination, or BBB disruption (van Noort et al. 2011).

The consequence of microglia activation was addressed by Heppner et al who
ablated microglia in EAE by using transgenic CD11b-HSVTK mice, in which
the CD11b promoter drove herpes simplex thymidine kinase expression (Heppner
et al. 2005). When these CD11b-HSVTK mice were treated with ganciclovir, ac-
tivated microglia were killed. The depletion of microglia resulted in attenuation of
disease severity, inflammation, and demyelination in EAE (Heppner et al. 2005).
Similar results were reported using another line of CD11b-HSVTK mice from an-
other group (Guo et al. 2007). In support of these transgenic studies, the use of
minocycline as an MMP inhibitor and with potent microglia inhibitory activity has
been shown to ameliorate EAE severity (Brundula et al. 2002). Nonetheless, these
studies have to be considered supportive but not definitive for a role of microglia
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in EAE and MS, since the CD11bHSVTK and minocycline approaches also affect
macrophages and may have other activities.

9.6.2 Antigen Presentation

Th cells have been implicated in the pathogenesis of EAE and MS. Th1 and Th17 are
thought to be the main pathogenic T cells in EAE and MS (Murphy et al. 2010). T cell
activation requires antigen presentation by APCs. MHC class I and II molecules on
APCs present the antigen to T cell receptor (TCR) and initiate T cell activation. The
costimulatory signals between APCs (CD80, CD86, and CD40 ) and T cells (CD28,
CTLA-4, and CD40L) are essential for complete T cell activation since MHC-
TCR engagement without costimulatory signaling can lead to T cell death (Fletcher
et al. 2010). DCs, the predominant APCs, normally initiate naive T cell activation
(Raivich and Banati 2004; Becher et al. 2006). Macrophages express low level of
MHC II and almost no expression of costimulatory molecules B7 in normal con-
dition. It has been reported that macrophage and microglia acquire the ability of
antigen presentation upon activation and that this activation favors the reactivation
of primed T cells and regulates their differentiation (Raivich and Banati 2004). In
the MS brain, activated microglia and macrophages present in all plaques express
MHC II molecules (Raivich and Banati 2004), suggesting their role in T cell func-
tions and lesion formation. Upon activation, macrophages/microglia have increased
expression of MHC class II, CD40, CD80, and CD86. In EAE, macrophages and
the majority of activated microglia express higher levels of MHC molecules at all
stages (initiation, peak, and recovery) of disease, and their expression correlates with
disease progression and T cell infiltration (Murphy et al. 2010). The expression of
costimulatory molecules on macrophages/microglia elevates during EAE (Murphy
et al. 2010). Along with professionalAPCs(DC), macrophages/microglia can present
antigen to T cells and regulate T cell functions throughout the whole process of lesion
formation in MS.

9.6.3 Adhesion Molecules and Matrix-Degrading Enzymes

9.6.3.1 Adhesion Molecules

The transmigration of lymphocytes and monocytes into the brain is a feature of MS
and EAE (Owens et al. 1998; Ajami et al. 2011). Various approaches have been
employed to block the entry of monocytes into the CNS (Bauer et al. 1995; Heppner
et al. 2005). The mechanisms by which monocytes transmigrate into the CNS are
not completely understood but are likely to involve a variety of adhesion molecules
and chemokines (Owens et al. 1998).
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Adhesion molecules that assist in the adherence of monocytes to endothelium
include the β2-integrins MAC-1 (CD11b/CD18) and LFA-1 (CD11a/CD18), which
are expressed on monocytes, and ICAM-1 (CD54), the receptor for both MAC-1 and
LFA-1 that is expressed by activated endothelial cells (Bauer et al. 1995). An early
study using antibodies to both MAC-1 and LFA-1 suppressed EAE clinical severity
(Gordon et al. 1995), which is attributed to the blockade of infiltration of monocytes
into the CNS.A recent study reported that Nerve injury-induced protein (Ninjurin)-1,
a molecule involved in neuro–glia interaction, is present on immune cells and helps
in the transmigration of immune cells into inflammatory lesions within the CNS. In
EAE, Ninjurin-1 expression was increased particularly on monocytes/macrophages,
neutrophils, and endothelial cells (Ifergan et al. 2011). Thus, inhibition of adhe-
sion molecules on immune cells blocks the entry of monocytes into the CNS and
subsequent neurological disease.

9.6.3.2 Matrix Metalloproteinase (MMPs)

Leukocytes enter into the CNS parenchyma in MS and EAE through several routes
(Engelhardt and Ransohoff 2005). Leukocytes may enter via meningeal infiltra-
tion (Howell et al. 2011) and another route is through alpha 4 integrin-mediated
leukocytes adhering to endothelial cells of postcapillary venules and transmigrating
across them to enter the CNS (Engelhardt et al. 1994; Engelhardt 2008). Samples
from both EAE and MS have two unique laminin-containing basement membranes
surrounding the endothelial cells of venules within the CNS (Sixt et al. 2001; van
Horssen et al. 2005); that proximal to endothelial cells is known as the endothelial
basement membrane while that abutting the CNS parenchyma is the parenchymal
basement membrane. Leukocytes including monocytes can cross the endothelial
basement membrane but require MMPs to transmigrate the parenchymal basement
membrane to enter the CNS parenchyma (Sixt et al. 2001; Agrawal et al. 2006;
Toft-Hansen et al. 2006). MMPs are implicated in MS and EAE (Yong et al. 2001;
Agrawal et al. 2006; Agrawal et al. 2011). In MS or EAE brains, and in vitro,
monocytes, macrophages, and microglia express a variety of MMPs (Maeda and
Sobel 1996; Yong et al. 2001; Toft-Hansen et al. 2004; Weaver et al. 2005); in-
deed, among immune cell subsets, the microglia produce the most abundant amount
and spectrum of MMP members (Toft-Hansen et al. 2004). More recently, the
upstream regulator of MMP expression, extracellular matrix metalloproteinase in-
ducer (EMMPRIN), was found to be significantly elevated in leukocytes, including
monocytes, and within the brains of EAE and MS specimens, on cells including
macrophages/microglia (Agrawal et al. 2011). The EMMPRIN upregulation has
pathological significance as an antibody to EMMPRIN diminished EAE severity
(Agrawal et al. 2011).

Overall, the full activity of MMP and EMMPRIN expression by macrophages and
microglia remains to be explored. In previous work, one role of the MMP members
abundantly expressed on microglia is the regulation of the secretion of TNF-α (Nuttall
et al. 2007). Additionally, MMP-3 from neurons has been implicated as a means to
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activate microglia (Kim et al. 2005) so the role of MMPs in cell–cell communication
within the CNS remains to be further explored.

9.6.4 Macrophages/Microglia Produce Cytokines and
Other Mediators

Macrophages/microglia upon activation produce many substances such as proteases,
lipases, cytokines, glutamate, reactive oxygen species, and NO that can cause di-
rect tissue injury (Takeuchi et al. 2006). Another relevant molecule produced by
macrophage is osteopontin and it is highly expressed in MS (Chang et al. 2002).
Osteopontin has been reported to stimulate monocyte recruitment, inhibit the apop-
tosis of proinflammatory T cells, and promote the production of proinflammatory
cytokines from leukocytes.

Chemokines and cytokines mediate the recruitment and activation of leukocytes
and other cells to sites of inflammation during an immune response. Activated
macrophages/microglia secrete various cytokines/chemokines and have been exten-
sively studied both in vivo and in vitro using different types of stimulation (Bauer
et al. 1995; Hoarau et al. 2011). Classical activators such as LPS and IFN-γ induce
macrophage/microglial expression of proinflammatory cytokines and mediators, in-
cluding NO and TNF-α, to promote inflammation and antigen presentation. The
majority of activated macrophages/microglia early in the course of lesion formation
in MS and its animal models are thought to be of the proinflammatory M1 pheno-
type. M2 macrophages/microglia that are anti-inflammatory/regulatory and thought
to help in tissue repair have been observed in both acute and chronic active lesions in
MS patients (Mikita et al. 2011). Studies from EAE indicate that M1 monocytes or
macrophages are present in onset or peak severity of the EAE disease course whereas
during the recovery phase, M2 macrophages also exist. The administration of M2
monocytes through systemic injections ameliorates EAE disease severity in mice
and rats (Weber et al. 2007; Mikita et al. 2011).

9.7 Neurotoxicity of Macrophages/Microglia of
Relevance to MS

The chronic presence of activated macrophage/microglia in MS is likely un-
desirable for several reasons. First, a strong correlation is observed between
macrophage/microglia activity and acute axonal injury (Ferguson et al. 1997;
Kuhlmann et al. 2002) or loss of oligodendrocytes (Lucchinetti et al. 1999). Second,
medium conditioned by microglia kills oligodendrocytes in culture (Merrill and
Zimmerman 1991). In MS lesions, microglia in the process of stripping myelin can
be found (Peterson et al. 2002). Third, there is persistent activation of microglia in
relapsing–remitting EAE even after CD4+ number wanes; the macrophage/microglia
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accumulation was correspondent with areas of synaptic pathology (Rasmussen
et al. 2007). Fourth, products released from activated microglia impair neurogenesis
(Ekdahl et al. 2003). The mechanisms of macrophage/microglia toxicity is likely
related to the upregulation and release of the myriad of secretory products described
above, including TNF-α, free radicals, and proteases (Graeber 2010; Lull and
Block 2010; Rock and Peterson 2006).

That activated macrophages/microglia are toxic to neurons is amply demonstrated
in tissue culture (Pang et al. 2000; Block et al. 2007; Qian et al. 2007). More recently,
several groups have also reported that activated macrophages/microglia promote the
death of oligodendrocyte precursor cells (Miller et al. 2007; Pang et al. 2010) or
prevent their maturation into myelin-forming oligodendrocytes (Pang et al. 2010).
The mechanisms of oligodendroglial injury include the secretion of free radicals
and proteases, and the expression of CD137 ligand, along with reduced secretion of
growth factors such as microglia-derived insulin like growth factor-1 (IGF-1) and
ciliary neurotrophic factor (CNTF; Pang et al. 2010; Yeo et al. 2012).

Currently, there is no information on the potential outcomes of M1 and M2 cells
on neurotoxicity in the context of MS. In spinal cord injury, M1 cells are thought to
promote toxicity to neural structures in contrast to M2 cells that appear to lack the
propensity to kill neurons (Kigerl et al. 2009). As noted above, the injection of EAE-
afflicted rodents with M2 monocytes ameliorates disease severity (Weber et al. 2007;
Mikita et al. 2011).

9.8 The Benefits of Macrophages/Microglia in MS

Although there is an extensive description of the potential detriments of activated
macrophages/microglia as noted above, there are context in which these cells exert
desirable properties including remyelination and neuroprotection. For remyelina-
tion, the depletion of macrophages by administration of clodronate liposomes retards
the spontaneous repair that otherwise occurs robustly (Kotter et al. 2005); as well,
promoting acute inflammation locally enhances remyelination in areas of chronic
demyelination (Foote and Blakemore 2005) mainly due to the elevated response of
macrophages/microglia. The use of LPS to stimulate microglia via TLR4 improves
remyelination (Glezer et al. 2006; Setzu et al. 2006). The mechanisms for the useful-
ness of macrophages/microglia may be related to the observation that these cells are
factories for a variety of neurotrophic factors; moreover, macrophages/microglia are
required to clear the myelin debris, which inhibits remyelination (Kotter et al. 2006).
The reader is referred elsewhere for the beneficial aspects of inflammation for the
process of remyelination (Wee Yong 2010; Doring and Yong 2011).

It has been appreciated that there is an age-related decline in the capacity to
remyelinate. This has been proposed to be due to a less robust recruitment of mono-
cytes into lesions in older animals to become macrophages (Hinks and Franklin 2000;
Shields et al. 2000). More recently, it was shown that the reduced remyelination with
aging could be rejuvenated to juvenile levels through reconstituting in the aged mice
the monocyte population from younger animals (Ruckh et al. 2012).
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Besides remyelination, the facilitation of axonal regeneration by activated
macrophages/microglia has also been noted. Benowitz and colleagues and others
(Yin et al. 2006; Benowitz and Yin 2008; Yin et al. 2009) used a TLR-2 agonist to
increase macrophage activity in the retina following optic nerve injury and demon-
strated that axonal regeneration was improved. Moreover, they demonstrated that the
beneficial macrophage activity was associated with a molecule called oncomodulin.
As well, the transplantation of activated macrophages into a transected optic nerve
increased axonal regrowth (Lazarov-Spiegler et al. 1998). These experiments support
the results of David and colleagues who as early as 1990 reported that macrophages
converted the nonpermissive nature of the CNS white matter into a permissible state
for neurite growth (David et al. 1990; Prewitt et al. 1997).

The benefits of macrophages/microglia have also been reported in the context
of neuroprotection. In spinal cord injury models, the implantation of activated
macrophages depending on time and location of implants can be beneficial for wound
repair (Rabchevsky and Streit 1997; Rapalino et al. 1998; Schwartz andYoles 2006).
In a model of Alzheimer’ s disease, the clearance of beta-amyloid deposits (Malm
et al. 2005; Simard et al. 2006) was facilitated by macrophages/microglia, with re-
sultant improved functional recovery. The complex nature of macrophages/microglia
in providing benefits or detriments to the CNS should now be obvious to the
reader. The factors that regulate the neurotoxic or neurotrophic consequences of
macrophages/microglia are beginning to be understood, and include the products
that are predominantly produced at particular times, the balance of M1 versus M2
cells, the extent and chronicity of the insult, and the time period following the injury
(Wee Yong 2010; Czeh et al. 2011).

9.9 Conclusion

An extensive literature implicates monocytes, macrophages, and microglia in lesion
formation and propagation in MS. On the other hand, some aspects of the biology
of these cells are useful for CNS outcomes. The complexities of the biology of these
monocytoid cells are beginning to be revealed by factors such as their capacity to be
polarized into different forms. Overall, preventing the transmigration of proinflam-
matory M1 monocytes into the CNS and the inhibition of activated microglia within
the CNS could have therapeutic potential. In this regard, there is an increasing appre-
ciation that several of the medications used in MS do affect monocytoid cells even if
these were not the primary targets during drug development. For example, treatment
with glatiramer acetate and dimethylfumarate (BG12; Weber et al. 2007; Ghoreschi
et al. 2011) results in the generation of M2-polarized APCs. For the IFN-βs, the
expression of the type 1 IFN-β receptor on myeloid cells is a key requirement for
therapeutic efficacy (Prinz et al. 2008). In summary, a further understanding of the
biology of monocytes, macrophages, and microglia, and the design of more effective
therapies to inhibit the detrimental outcomes of these cells while sparing their bene-
ficial aspects, could help improve the prognosis of MS and other neuroinflammatory
disorders.
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Chapter 10
Genetics of Multiple Sclerosis

Julia Y. Mescheriakova, Karim L. Kreft and Rogier Q. Hintzen

10.1 Genetic Epidemiology of Multiple Sclerosis

Multiple sclerosis (MS) is a presumed autoimmune disease of the central nervous
system (CNS), triggered by environmental factors in genetically susceptible individ-
uals. A genetic contribution to the pathogenesis of MS has already been suspected
in 1896 with the discovery of familial aggregation of MS (Eichhorst 1896). It has
been proven since the discovery of HLA-DR2 locus and its association with MS in
1972 (Jersild et al. 1972). Epidemiological studies have measured disease risk in dif-
ferent types of relatives of MS patients, including monozygotic (MZ) and dizygotic
(DZ) twins, siblings and half-siblings, parents and children, aunts, uncles, nephews,
and nieces (Sadovnick et al. 1996; Ebers et al. 2004; Hoppenbrouwers et al. 2008;
Hawkes and Macgregor 2009). The overall conclusion is that the higher the degree of
relatedness, the higher the genetic burden and thereby the risk of MS. The risk to de-
velop MS is about 3% in the first-degree relatives and 1% in second- and third-degree
relatives of a MS patient compared to risk of 0.1% in general population (Sadovnick
et al. 1988). In MZ twins, where the degree of relatedness is most extreme, the risk
of MS is approximately 30 % (Hawkes and Macgregor 2009).

The female-to-male ratio was near 2:1 in the twentieth century. Orton and col-
leagues (Orton et al. 2006) reported a significant increase in incidence of MS in
Canadian women, but not in men, over the past 30 years, causing a change in the
female-to-male ratio to more than 3:1. Furthermore, the excess concordance of MZ
twins for MS is almost entirely female-specific (Willer et al. 2003). On the basis of
the apparent gender specificity, many studies attempted to examine the presence of
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parental origin-of-effect in MS. There is a tendency toward the maternal transmis-
sion of MS (Ebers et al. 2004; Herrera et al. 2008; Hoppenbrouwers et al. 2008).
However, using a different approach the paternal origin-of-effect has been shown as
well (Kantarci et al. 2006). Differences in family analysis may explain the lack of
consensus regarding the parent-of-origin effect.

10.2 Human Leukocyte Antigen Class II

The earliest association between genes and MS was found in the human leucocyte
antigen (HLA) region in 1972 (Jersild et al. 1972). The first association was with the
HLA class I alleles HLA-A*03 (Naito et al. 1972) and HLA-B*07 (Jersild et al. 1972;
Naito et al. 1972), which showed to be secondary to the HLA-DR2 association
(Batchelor 1977). Later, this has been fine-mapped to the HLA-DRB5*0101-
DRB1*1501-DQA1*0102-DQB1*0602 extended haplotype in the North European
population with estimated risk ratios of approximately 3, and homozygozity for this
haplotype increases MS risk sixfold (Dyment et al. 2004). This region is in a very
strong linkage disequilibrium (LD), which makes it very difficult to distinguish the
primary association (Spurkland et al. 1991). Several genetic studies have implicated
HLA-DRB1*1501 as the main susceptibility allele in MS (Oksenberg et al. 2004;
Dyment et al. 2005; Lincoln et al. 2005). A recent genome-wide association (GWA)
study (with 9,772 MS patients and ∼ 17,000 controls) by the International Multiple
Sclerosis Genetic Consortium (IMSGC) in collaboration with the Wellcome Trust
Case Control Consortium 2 (WTCCC2) showed DRB1*1501 to have the strongest
association with MS with a p value of < 1 × 10−320 (International Multiple Scle-
rosis Genetics Consortium et al. 2011). However, in other ethnical populations, the
risk allele or haplotype is different or does not contain DRB1*1501, such as in Sar-
dinians where MS is associated with the DRB1*0301–DQA1*0501–DQB1*0201
and DRB1*0405–DQA1*0501–DQB1*0301 haplotypes (Marrosu et al. 1997), or in
African–Brazilian MS patients where the strongest association was observed with
DQB1*0602 rather than DRB1*1501(Caballero et al. 1999).

There is evidence to assume that HLA-related susceptibility does not reflect the
role of HLA DRB1*1501 locus alone (Dyment et al. 2005). In Swedish and Canadian
populations, HLA-DRB1*17 allele has been associated with increased risk of MS, but
to a lesser extent than HLA-DRB1*1501 (Dyment et al. 2005; Modin et al. 2004).
The recent GWA study revealed DRB1*0301 (p = 3.6 × 10−10) and DRB1*1303
(p = 1.3 × 10−11) alleles as risk alleles for MS (International Multiple Sclerosis
Genetics Consortium et al. 2011).

Contrarily, HLA-DRB1*14 was identified as strongly protective allele with an
odds ratio (OR) of 0.31 (Dyment et al. 2005). This is a large effect considering the OR
of HLA-DRB1*15 being around 3 (Ramagopalan and Ebers 2009a). The effect of the
DRB1*14 allele might explain why the prevalence of MS is low inAsia where the fre-
quency of this allele is very high (Ramagopalan et al. 2007). Interestingly, the HLA-
DRB1*14 allele has a strong protective role in type 1 diabetes (Erlich et al. 2008),
possibly pointing at a common underlying mechanism of disease protection. The
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HLA-DRB1*11 and HLA-DRB1*12 also showed a trend to significance as protective
alleles against MS with OR of 0.75 and 0.55, respectively.

As stated previously, the prevalence of MS has been rising in women and there is
a slight maternal parent-of-origin effect with higher number of affected mother–
daughter pairs and few father–son pairs (Sadovnick et al. 1991). As the main
genetic contribution in MS comes from HLA class II genes, Chao and colleagues
(Chao et al. 2011) investigated in MS families whether reported gender predisposi-
tion could be HLA-mediated. Gender ratio analysis revealed that affected individuals
with HLA-DRB1*15 have a significantly higher female-to-male ratio as compared
to those without. Five of six types of MS families (i.e., families with affected:
sibling-pair, parent–child, sporadic cases, aunt/uncle–niece/nephew relationship and
affected cousin; exception are multiplex families) seem to share the same trend of
HLA- associated female predominance in MS susceptibility. Furthermore, significant
difference in transmission of HLADRB1*15 was observed in nuclear families (where
first-degree relatives are affected) versus collateral families (affected second-degree
and third-degree relatives) suggesting that the inheritance of supposed epigenetic
alterations plays a role. Epigenetic markers will be explained later in this chapter.

10.3 Human Leucocyte Antigen Class I

As well as the established HLA class II associations, accumulating evidence has
suggested that HLA class I loci may also influence MS susceptibility. The class I
HLA-A*03 allele was found to increase the risk to developing MS, while HLA-
A*02 and HLA-C*05 alleles have protective effects independent of HLA-DRB1*15
(Fogdell-Hahn et al. 2000; Yeo et al. 2007). Increased frequency of B*0702 allele in
MS patients was also significant, but this association was secondary to DRB1*15–
DQB1*06 and appeared to be in LD with these alleles (Fogdell-Hahn et al. 2000).
Using transmission disequilibrium test (TDT) and haplotype analysis in families,
Chao et al. have demonstrated that both HLA-A*03 and HLA-B*07 were significantly
overtransmitted in families with HLA-DRB1*15-positive parents (p = 0.0087 and
p = 1.22 × 10−6, respectively); the HLA-C allele was not studied (Chao et al. 2007).
This indicates that the association with MS of both alleles, HLA-A and HLA-B, is
HLA class II-dependent and secondary to LD with the HLA class II loci.

Cree at al. (2007) tagged 958 HLA spanning single nucleotide polymorphisms
(SNPs) in two independent case-control data sets. They showed that 20 HLA class I
SNPs were associated with MS susceptibility (p ≤ 1 × 10−8). The most significant
association was with SNP rs4959039 near the HLA-G gene (OR 1.59 with 95 % CI
1.40–1.81, p = 8.45 × 10−13). The MS susceptibility effect of this SNP was inde-
pendent of HLA-DRB1*1501. Prior genetic studies of HLA-G in MS susceptibility
found conflicting results. One study found no association between three HLA-G al-
leles and MS susceptibility (Kroner et al. 2007), whereas another study found an
association of an HLA-G-promoter SNP with MS susceptibility by the transmission
distortion test (Burfoot et al. 2008). Both studies were limited by relatively small
sample sizes and few genetic markers studied. HLA-G is a biologically interesting
candidate gene because of its prominent function in immune tolerance.
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Using a combination of microsatellite, SNP, and HLA typing in family-based
and case-control cohorts from two different populations, Yeo and colleagues have
shown that HLA-C*05 exerts a protective effect (RR ∼ 0.55, p = 3.3 × 10−5) on MS
susceptibility, independently of any effect attributable to the nearby HLA-DRB1 gene
(Yeo et al. 2007). An Italian study reported that the protective effect of HLA-C*05
was possibly synergistic with that of HLA-A2 (Bergamaschi et al. 2010). On the other
hand, a Scandinavian study failed to confirm protection by this allele, but instead
showed a positive association with HLA-C*08 in HLA-DRB1*15-negative subjects
(Link et al. 2010). HLA-C molecules, loaded with peptides, act as ligands for the
killer cell immunoglobulin- like receptors (KIRs), which are important regulators of
natural killer cell function.

The inhibitory KIRs have well-defined HLA class I ligands, the ligands for acti-
vating KIRs are yet poorly understood. HLA-C*05 can be recognized by a variety
of receptors such as KIR2DL1, KIR2DS1, and possibly also by KIR2DL2 and
KIR2DL3 expressed on natural killer cells and/or a subpopulation of T cells, sug-
gesting an increased potential for immune regulation via this HLA–KIR recognition
pathway. (Parham 2005; Moesta et al. 2008). The protective association of HLA-
C*05 with other complex inflammatory disease such as psoriasis has been established
earlier in Sardinian patients (Orru et al. 2005).

10.4 Risk Genes

GWA studies have become feasible in the last 5 years thanks to the develop-
ment of new array technologies, analytical methods, improved central sample
collection in MS centres and increased international collaborations. Array-based
approach used in GWA study allows efficient genotyping of hundred thousands
of SNPs throughout the genome simultaneously in a large number of patients
and controls. A major highlight in the genetics of MS was the publication of
the largest GWA study performed to date (International Multiple Sclerosis Ge-
netics Consortium et al. 2011). This study confirmed the association of 23
previously reported loci and identified 29 novel loci plus 5 possible risk loci.
It is important to realize that many of these risk loci are tagging SNPs and do not
always locate to a certain gene. The majority of SNPs do not cause an amino acid
change, since most of the MS risk SNPs are intronic SNPs. Furthermore, OR of these
SNPs are in the range of 1.1–1.2 and thus much lower than those of the HLA class
II loci. We will attempt to give an overview of these genetic discoveries by placing
them in the context of their (presumed) function. However, some of these genes have
multiple or unknown function (Table 10.1 and Fig. 10.1).

10.4.1 Risk Genes Exert Their Effect Probably via CNS
Autoimmunity

Most of the SNPs, recently associated with an increased risk to develop MS in the
large GWA study, are found in genes involved in immune development, functioning,
and signaling.
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Table 10.1 Overview of susceptibility genes for multiple sclerosis

Function Genes

Neuronal molecules MMEL1, KIF21Ba , TAGAP, ZNF746, GALC, SOX8
Vit. D metabolism CYP27B1, CYP21A1
Ligands CD58
Receptors MerTK, IL-7Rα, PTGER4, IL-2Rα, CXCR5, TNFRSF1a,

TNFRSF6b, IL22Rab

Adhesion molecules VCAM-1, CD6
Signaling RGS1, PTGER4, CBLB, TYK2, MALT1, MAPK1, RPS6KB1,

DKKL1d, PLEK, MerTK, BACH2
Cytokines IL12A, IL12B, IL7
Transport molecules EVI5, ARL61P4, KIF21B
Transcription factors EOMES, NFKB1, MYC, HHEX, ZFP36L1, BATF, STAT3, MYB,

ZMIZ1, IRF8, SOX8, MAPK1
Transcriptional activity BACH2, ZMIZ1, ZFP36L1, BATF, Myb, Myc
Costimulation CD40, CD86, CLECL1, TNFSF14
Cell cycle MerTK, RPS6KB1
Apoptosis BACH2, Myc, SOX8, ZFP31C1, ZNF36, TNFRSF6Bc

Proteolysis MALT, ZNF46
Phagocytosis MerTK
Endosomal maturation CLEC16A
Autophagy CLEC16A
Mitochondria SCO2
Lymphoid development THEMIS
Cytoskeleton remodeling PLEK
Unknown PVT1, MPHOSPH9, MPV17L2, DKKL1, SP140

Please note that some genes are categorized in more than one functional group
a The susceptibility SNP (rs12122721) that has been addressed to this gene lies actually nearby the
open reading frame (C1orf106)
b IL-22Ra is a receptor antagonist
c Counteracts on TNFSF14 and FASL (CD154)-mediated cell death
d Inhibitor of WNT signaling

10.4.1.1 Lymphoid and Myeloid Cell Development

Already in the precursor state of lymphoid cells, SNPs with an increased risk to
develop MS are found. In bone marrow, multiple polymorphisms are involved in
lymphocyte and myeloid cell development. For example, Myb is an important regu-
lator of hematopoiesis, especially for myeloid cells, but indispensable for yolk sack
myeloid cells like microglia cells (Schulz et al. 2012). Moreover, HHEX is important
for the development of B cells (Bogue et al. 2003). Interestingly, polymorphisms are
also found in both IL-7, expressed by bone marrow stromal cells, and the IL-7Rα

expressed on developing lymphoid cells. Signaling via the IL-7/IL-7Rα axis in the
large pre-B cell stage is important for the rearrangement of the immunoglobulin κ

light chain. Defects in this pathway lead to immunodeficiency, especially to severe
combined immunodeficiency (SCID). Moreover, also for the development of mature
T-lymphocytes, signaling via this pathway is important. In the thymus, IL-7 is ex-
pressed by stromal cells. The early T cell lineage progenitors (ETP) derived from
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the bone marrow migrate to the thymus where they mature into the double negative
stage of thymocytes. The IL-7Rα is expressed on these cells and there it is important
for the rearrangements of the T cell receptor. Thymocytes downregulate the IL-7Rα

in the double positive state and when they mature into naive T cells, they reexpress
the IL-7Rα (Mackall et al. 2011). The thymus is an important organ for the selection
of antigen-specific T cells as well as for deletion and inactivation of auto-reactive
T cells. THEMIS, another susceptibility gene, is important for late thymocyte de-
velopment and is also involved in the positive selection of T cells (Gascoigne and
Palmer 2011). It is thus intriguing to speculate that aberrancies in the development
of lymphoid cells possibly caused by these polymorphisms are important for early
development of enhanced autoreactive T and B cells, which might even after several
years, contribute to the development of CNS autoimmunity.

10.4.1.2 Immune Cells in the Periphery

Mature naive T cells, which have left the thymus, are subsequently circulating in
peripheral blood and are entering the secondary lymphoid tissues. Here, T cells
encounter antigen-presenting cells (APCs) like monocytes, macrophages, and den-
dritic cells. In the interaction betweenAPCs and T cells, multiple genes are associated
with an increased risk to develop MS. First, there is the classical genetic associa-
tion between HLA-II molecules and MS. These HLA-II molecules are important
for the presentation of antigens to the T cell receptor. Second, multiple costimula-
tory molecules like CD40 and CD86 are able to give a second signal. Interaction
between CD86 and CD28 on the T cells is important for T cell activation. The in-
teraction between CD40L (also known as CD154) on T cells and CD40 on B cells
is an important factor for B cell growth, differentiation, isotype switching of im-
munoglobulins, and cytokine production, which is in turn able to influence T cell
polarization and functioning. Moreover, APCs are able to produce IL-12, which
is a T helper-1 (Th1)-polarizing cytokine. Recently, it was shown in experimental
autoimmune encephalomyelitis (EAE, the animal model of MS) that Th17 cells ini-
tiate breakdown and damage to the blood–brain barrier. Then Th1 cells are thought
to sustain the damage to the CNS (Reboldi et al. 2009). Interestingly, the MS-
associated risk gene STAT3 is an important transcription factor for Th17 cells (Harris
et al. 2007). CLECL1, expressed on B cells and APC is C-type lectin-like molecule
involved in both costimulation to T cells, and in the polarization of T cells into IL-
4-producing Th2 cells (Ryan et al. 2002). Moreover, it phosporylates MAP kinase
and is involved in enhancing HLA-DR expression without affecting the expression
of costimulatory molecules indicating that it might have a regulatory role in immu-
nity (Ryan et al. 2009). Anti-inflammatory regulatory T cells (Tregs) are implicated
in the immune pathogenesis of MS. One of the main features of Treg is the high
expression of IL-2Rα (CD25) and low expression of the IL-7Rα (CD127), both ge-
netically implicated in MS. The balance between different types of Th subsets is
probably very important for the balance of tolerance and autoimmunity (Sakaguchi
et al. 2010). One of the other interesting pathways important in this balance is the
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IL-7/IL-7Rα axis. IL-7 is expressed in secondary lymphoid tissues by fibroblastic
reticular cells (Mackall et al. 2011). For T cells in the periphery, signaling via the
surface-bound IL-7Rα is important for the formation of immunological memory and
homeostatic proliferation of potential autoreactive T cells. After activation of T cells
by an APC, the T cells start to proliferate and differentiate into effector or mem-
ory cells. In this proces CD58, another risk gene associated with MS, is upregulated.
CD58 is also known as LFA-3 and this is an activation and memory marker for T cells
(De Jager et al. 2009a).

10.4.1.3 Lymphoid Cells in the Central Nervous System

After activation of T cells in the periphery, activated T cells express very late antigen-
4 (VLA-4) enabling themselves to bind to VCAM-1, the product of eponymous gene
which is associated with MS.After binding ofVLA-4 toVCAM-1, which is expressed
on endothelial cells in the brain, the T cells are able to migrate over the blood–brain
barrier into the CNS. It is noteworthy that Natalizumab (Tysabri) is an effective
and approved treatment for MS and this monoclonal-blocking antibody is directed
against VLA-4 (Warnke et al. 2010). In the CNS, the activated T cells encounter
APCs and might be reactivated after which they start to clonally expand and cause
damage to the myelin sheets. Recently, it was shown that this mechanism is also
applicable to CD8 T cells (Ifergan et al. 2011). Although much of the research on
the immunology of MS has focused on CD4+ Th cells, it has already been noticed
for a long time that CD8+ cytotoxic T cells outnumber CD4+ Th cells in MS brain.
Moreover, it was shown that CD8 T cells are oligoclonally expanded in the brain of
MS patients. Interestingly, EOMES was found in the recent GWA study. EOMES
is the essential transcription factor for the effector function of CD8 T cells (Pearce
et al. 2003). Moreover, in CD4+ Th cells, EOMES induces IFN-γ responses and
suppresses IL-17 production by binding to the RORγC and IL-17 promoters.

Recently, in postmortem tissue, the occurence of B cell follicles in the meninges
of MS patients has been described. These follicles are specialized tertiary lym-
phoid tissues, consisting of follicular helper T cells (Tfh), B cells, and plasma cells
(Howell et al. 2011). Tfh have high expression of the chemokine receptor CXCR5
(Breitfeld et al. 2000), another candidate gene for MS. Interestingly, B cells are able
to produce CXCL13, the ligand for CXCR5. Moreover, it was shown that Tfh are
expressing the TNF family member TNFSF14 (also known as LIGHT), another MS
susceptibility gene. LIGHT and lymphotoxin (LT) binds to the LTβR, which is an
important factor for the formation of lymphoid follicles (Wu et al. 2001). The B cells
and plasma cells might be the source of oligoclonal bands and raised IgG index,
often observed in MS and often used as diagnostic tool for MS. Moreover, B cells
are capable to present antigens to T cells and might thus serve as APCs in the brain
to re-activate T cells, entering the brain after peripheral activation. It is noteworthy
that a recent phase II trial with rituximab, a monoclonal-depleting antibody against
CD20, a pan B cell marker was an effective treatment for MS compared to placebo
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(Hauser et al. 2008). Validation of these results in phase III trials is expected. More-
over, it was shown that the mode of action of rituximab is mainly due to inhibition of
the APC function of B cells thereby inhibiting T cell responses (Bar-Or et al. 2010;
Piccio et al. 2010).

10.4.1.4 Immune Signaling

In multiple pathways and signaling cascades, MS risk genes are found. For ex-
ample, in cytokine signaling, risk genes influence both receptors and ligands, and
also adaptor proteins like STAT3 and Tyk2. In APC, multiple risk genes are in-
volved in signaling for example MerTK. This is a tyrosine kinase receptor, which
mediates phagocytosis of apoptotic materials and downregulates the activation of
macrophages. Moreover, it is involved in homeostatic regulation of APC and is able
to induce a tolerogenic phenotype in DC via blockade of NF-κB, one of the MS
risk genes (Sen et al. 2007). Moreover, after binding of its ligand, protein S and
GAS6, MerTK autophosphorylates and induces the phosphorylation of MAPK1 and
MAPK2 among others. MAPK1 is another MS risk gene. MAPK1 is involved in the
regulation of the cell cycle (Coulthard et al. 2009). Moreover, it is a suppressor of
gene transcription, including IFN-γ-inducible genes. Last, MAPK1 phosphorylates
and regulates class II transactivator (CIITA), the master transcription factor for HLA
class II expression and functioning (Paul et al. 2011). CBL-B belongs to the family
of Cbl, which are molecular adaptors playing a key role in the regulation of tyrosin
kinase-dependent signaling. CBL-B is described to inactivate NF-κB. Moreover,
it inactivates T cells until the second signal for activation (first signal HLA-TCR
interaction, second signal costimulation) is received (Paolino and Penninger 2010).
Combination of these two mechanisms provides reduction of T cell activation. More-
over, it also reduces B cell functioning by negatively regulating B cell proliferation
(Bachmaier et al. 2000).

10.4.1.5 Linking Multiple Sclerosis Risk Genes with Environmental
Risk Factors

From epidemiological studies, it is well known that the etiology of MS probably
consists of a combination of genetic susceptibility and environmental triggers. In-
fections are a well-known risk factor to develop MS. One of the strongest risk factors
for the development of MS is a history of infectious mononucleosis (IM). Several
studies have linked Epstein Barr virus (EBV) to MS (Thacker et al. 2006). Recently,
it was demonstrated that gut microbiota in EAE are important for the development
of dysfunction in mice (Berer et al. 2011). The SNP in IL-22RA is interesting, since
IL-22 is important in the promotion of antimicrobial immunity, but also in the reg-
ulation of inflammation and tissue repair in the mucosal environment (Sonnenberg
et al. 2011).
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Other environmental risk factors have epidemiologically been linked to MS, such
as vitamin D as a modulator of the immune response, both on APCs as well as on
T cells. Interestingly, two SNP in the vitamin D metabolism were found associated
with MS. One SNP is located in CYP27B1 gene, which is involved in metabolizing
the inactive form of vitamin D (25-hydroxy D3) into the bioactive vitamin D (1,25-
dihydroxy D3). Another SNP is located in CYP24A1 gene, which is involved in the
inactivation of bioactive form into calcitroic acid. Aberrancies in this pathway, in
combination with differences in sunlight exposure, might be an explanation for the
observed latitude gradient of MS over the world, with the highest incidence of MS
far away from the equator.

10.4.1.6 Genes with Functions Within the Central Nervous System

From the recent large-scale GWA study in MS, one of the observations is the relative
lack of genes with known functions in the CNS. However, some genes have been
described to have a function in the CNS.

GALC encodes the lysosomal enzyme galactocerebrosidase, which digest galac-
tocerebroside. Galactocerebroside is the major substrate in Schwann cells and oligo-
dendrocytes (ODCs), the myelinating cells of the nervous system (Kondo et al. 2005).
Mutations leading to deficiencies in activity of galactocerebroside are found in
globoid cell leukodystrophy (GLD, also known as Krabbe’s disease), a devastat-
ing disease in young children leading to severe neurological complaints through
progressive demyelination. Several studies have investigated whether MS patients
have antibodies against GALC, but none of these studies have found anti-GALC an-
tibodies (Lubetzki et al. 1986; Rostami et al. 1987). Moreover, incubation of primary
human ODCs with the serum of MS patients did not result in ODC cytotoxicity nor
morphological changes (Ruijs et al. 1990).

Membrane metalloendopeptidase like 1 (MMEL1), also known as neprilysin 2
(NEP2) is expressed in the brain in several neuronal populations, pituitary gland and
testis (Ouimet et al. 2000). Relatively little is known about its function, but it is in-
volved in the degradation of beta-amyloid (Huang et al. 2008). Decreased expression
of MMEL1 is observed in the brain ofAlzheimer’s patients and inhibitors of MMEL1
peptidase activity leads to increased deposition of beta-amyloid depositions in mice
(Huang et al. 2012).

ZNF746, also known as PARIS, is another MS risk gene which is associated with
neurodegeneration. Recently, PARIS is implicated to be involved in the pathogen-
esis of Parkinson’s disease. ZNF746 accumulates rather specifically in the striatum
and substantia nigra, but not in the cerebellum or cortex. It suppresses the transcrip-
tional activity of peroxisome proliferator-γ coactivator-1α (PGC-1α), by binding to
its promoter and thereby inhibiting the transcription of NRF-1 (Shin et al. 2011),
which is involved in cellular metabolism and mitochondrial biosynthesis (Castillo-
Quan 2011). Overexpression of PARIS leads to dopaminergic neuronal cell death
in the substantia nigra and thus to neurodegeneration (Shin et al. 2011). Mitochon-
drial dysfunction has also been implicated in the pathogenesis of MS. In active MS
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lesions, there is a loss of several important mitochondrial proteins. In chronic in-
active lesions, the number and the activity of mitochondria increase (Mahad et al.
2008a, b). Recently, it was shown that there are extensive deletions in mitochondrial
DNA (mtDNA) in neurons of MS patients. The cause of these deletions is cur-
rently unknown, although it is speculated that this occurs secondary to inflammation
(Campbell et al. 2011). It should be mentioned that the inflammatory process in MS
may cause damage to the mitochondria, for example, via reactive oxygen species
and nitric oxide. Currently, from the GWA studies only one SNP in a mitochondrial
gene (SCO2 gene) is associated with MS. Moreover, some candidate gene studies
regarding mtDNA SNP have been performed in MS. A SNP in the mt-ND5 gene
(nt13708G/A SNP) is associated with both adult (Yu et al. 2008) and pediatric MS
(Venkateswaran et al. 2011). This SNP causes an amino acid change, but if this
is affecting mitochondrial functioning is currently unclear. Another mtDNA SNP
(rs659366 in the promoter of the UCP2 gene) is associated with MS. The G-allele
of this SNP has an increased prevalence in MS patients. This is associated with a
decreased expression of UPC2 gene, which increasedATP levels (Vogler et al. 2005).
Increased ATP levels are associated with proinflammatory response via activation of
the inflammasome. As the frequency of MS in females is increasing, it is worthwhile
to further study mtDNA, as this is per definition maternally transmitted. Again, it
should be noted that substantial evidence exist that MS is also maternally transmitted.

Lastly, several studies associated KIF21B with MS. However, in the latest GWA
study, not KIF21B, but the nearby located open reading frame (ORF) (C1orf106) was
found to give rise to this signal. It remains to be validated whether the association in
this region comes from KIF21B or the ORF. Nevertheless, KIF21B is an interesting
candidate. KIF21B belongs to the family of kinesins, which are responsible for
intracellular transport of protein and organelles (Hirokawa et al. 2010). The exact
cargo of the transporter KIF21B is currently unknown, but it is known that this
kinesin is expressed in dendrites of neurons (Marszalek et al. 1999). Alterations in
these important transport molecules might be related to neurodegeneration in MS.
Moreover, KIF1B was also found in a GWA study (Aulchenko et al. 2008), although
subsequent studies failed to replicate this finding (Booth et al. 2010). Also, candidate
studies have implicated another kinesin, namely KIF5A, to be associated with MS
(Alcina et al. 2010).

10.4.1.7 Functional Immunogenetics

A large number of SNPs associated with MS are SNPs in receptors and molecules
with important functions in immune-related processes. Studying how these SNPs
are affecting the expression and functioning of immune cells is an important step
in improving our understanding of the immunopathogenesis of MS. Currently, only
a minor number of studies is performed to unravel how these SNPs are affecting
immune functioning.

CD6 is an adhesion molecule. Studies showed that the CD6 risk allele is associated
with impaired proliferation of long-term activated Th cells. The CD6 risk allele
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Fig. 10.1 Functions of single nucleotide polymorphism (SNP) in the development, activation of,
and interaction between immune cells in the periphery and central nervous system (CNS). Model
on presumed functions of the multiple sclerosis (MS) risk genes from the development in the
bone marrow and thymus to activation of lymphoid cells in the secondary lymphoid tissue and
the migration into the CNS and the formation of the B cell follicles in the meninges. Moreover,
the vitamin D metabolism is shown in the kidney. CLP common lymphoid progenitor, ETP early
thymic progenitor, HSC hematopoietic stem cell

(rs17824933) leads to consistent downregulation of expression of exon 5, which
is the ALCAM-binding domain, the ligand for CD6, thereby, explaining the lower
proliferative response (Kofler et al. 2011).
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For CD25, the IL-2Rα, it was shown that the risk allele is associated with an
increased expression of CD25 in naive T cells and a decreased expression in mem-
ory T cells. IL-2 has a double role in the immune system, namely it is a very
potent proliferative stimulus after activation of naive T cells. It has an important
role of induction and sustainability of Tregs in the memory compartment. Interest-
ingly, it was shown that functionally active Tregs are expressing very low levels
of the IL-7Rα. IL-2 and IL-7 are cytokines, which belong to the same family
and have been shown to have similar as well as opposing functions (reviewed in
Katzman et al. 2011). Functional studies in healthy controls have shown that the
IL-2R SNP (rs2104286) risk carriership leads to increased expression of CD25 on
naive CD4 T cells (Dendrou et al. 2009). Moreover, the IL-7Rα SNP (rs6897932) is
associated with higher levels of the soluble form of the receptor (Hoe et al. 2010).
Furthermore, it was shown that the surface expression was even increased on CD8
effector T cells, independent of the genotype (Kreft et al. 2012), as well as CD8
Tregs of MS patients (Kreft et al. 2011).

A polymorphism in CD58 (rs2300747) is implicated to alter the expression of
CD58 messenger RNA (mRNA) peripheral blood mononuclear cells (PBMC), which
affects the functioning of Tregs (De Jager et al. 2009a). Another study assessed
whether the SNP in IRF8 (rs17445836) influenced the gene expression in PBMC.
No association between the SNP and IRF8 mRNA expression was found, although
it should be noted that only one probe of the IRF8 mRNA was present on the mi-
croarray chip used. Interestingly, in this study 16 genes were found to associate with
the SNP in IRF8 and eight of these genes are type I interferon-responding genes
(De Jager et al. 2009b).

10.5 Gene–Gene Interaction

Many interactions with major MS susceptibility HLA-DRB1*1501 allele have been
studied, but not all of them have been validated yet. An Iranian study (Shahbazi
et al. 2011) found that among HLA-DRB1*1501-positive individuals, association of
TNF-α−308 G allele and G/G genotype with susceptibility to MS was more
prominent (combined OR = 7.07, compared to OR = 1.57 for HLA-DRB1*1501
alone, OR = 1.26 for only G-allele, and OR = 4.59 for GG genotype of TNF-α SNP).
A recent meta-analysis showed that individuals carrying TNF-α−308A allele have
indeed lower susceptibility to MS, and those with G allele, higher susceptibility to
MS (Yang et al. 2011). This is not surprising because the G/A polymorphism of TNF-
α−308 has direct effects on TNF-α gene regulation and the A allele is associated with
a high level of TNF-α production (Wilson et al. 1997). A number of clinical studies
suggested that decreased TNF-α activity is associated with CNS inflammatory le-
sions and treatment with monoclonal antibodies to TNF-α may trigger acute episodes
of CNS inflammation in subjects with MS (van Oosten et al. 1996). Moreover, the
anti-TNF-α therapy in some patients with Crohn’s disease or rheumatoid arthritis is
associated with inflammatory demyelinating events in the CNS and MS aggravation
(Sicotte and Voskuhl 2001; Fromont et al. 2009).
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Iranian study group has shown that the IL-2-330T allele and the G/T and T/T
genotypes were associated with a higher risk of developing MS (Shahbazi et al.
2010). When combined with the HLA-DRB1*1501 allele, the IL-2T allele was
strongly associated with susceptibility to MS (OR = 16.0, CI 5.6–62.2, p < 0.0001).
In literature, there are controversial findings in relation to which allele (T or
G) is really responsible for higher susceptibility to MS (Matesanz et al. 2001;
Amirzargar et al. 2007; Fedetz et al. 2009). Different cytokine production levels in
the IL-2-330G and T allele carriers in vivo and in vitro were also reported (Hoffmann
et al. 2001; Matesanz et al. 2004).

Bush et al. (2011) identified gene–gene interactions between genes CHRM3 and
MYLK (p = 0.0002), between PLC-β 1 and PLC-β 4 (p = 0.0098) and a modest in-
teraction between ACTN1 and MYH9 (p = 0.0326), all localized to calcium-signaled
cytoskeletal regulation. These are nonimmune susceptibility loci for MS suggestive
for the neurodegenerative component to MS.

It has been observed that there are interactions between different HLA-loci in
the DRB1 gene. In the specific case of HLA-loci interactions, it is referred to as
“epistatic interaction.” A well-known HLA-DRB1*15 allele is a major risk factor for
the development of MS (OR ∼ 3), but in combination with HLA-DRB1*14, the risk
of HLA-DRB1*15 is abrogated to an OR of 1. The HLA-DRB1*08 allele modestly
increases the risk of MS but when present in combination with HLA-DRB1*15,
it more than doubles the risk associated with a single copy of HLA-DRB1*15. In
addition, the DRB1*01 and DRB1*10 alleles protect against MS but only in the
presence of DRB1*15 (Ramagopalan and Ebers 2009b).

A significant interaction was shown between HLA-DRB1*15 and HLA-A*02, in
which the susceptibility risk of MS decreases in the presence of protective HLA-A*02
allele (Hedstrom et al. 2011).

10.6 Gene–Environment Interaction

MS cannot be explained by any single known environmental or genetic factor alone.
A combination of genes and environmental factors (including infections) is necessary
for the development of MS (Ramagopalan and Giovannoni 2009). Their interaction
appears to be required and this is now a main goal of many epidemiological studies.

10.6.1 Vitamin D and HLA-DRB1

Biological effect of the active form of vitamin D (1,25-dihydroxyvitamin D3)
is mediated via the vitamin D receptor (VDR). This receptor is a member of
steroid superfamily and influences the rate of transcription of vitamin D-responsive
genes by binding to vitamin D-responsive elements (VDREs) in gene promoters
across the genome. Ramagopalan et al. have shown that more than 2,700 bind-
ing sites (intragenic, intergenic, and intronic) across the genome are affected by
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vitamin D (Ramagopalan et al. 2010). Interestingly, a single VDRE exists in the
HLA-DRB1 promoter region, which showed haplotype- specific differences, being
highly conserved in the major MS-associated haplotype HLA-DRB1*15 dominant
in North Europeans, but not conserved among other non-MS-associated haplotypes
(Ramagopalan et al. 2009). This means that this region remained essentially un-
changed throughout evolution in this specific HLA haplotype. B cells, transfected
with the HLA-DRB1*15 gene promoter, showed significantly increased gene expres-
sion on stimulation with 1,25-dihydroxyvitamin D3. This was not the case in cells
with deleted VDRE site or cells with the homologous “VDRE” sequence found in
non-MS-associated HLA-DRB1 haplotypes. Flow cytometric analysis showed a spe-
cific increase in the cell surface expression of HLA-DRB1 upon addition of vitamin
D only in HLA-DRB1*15 bearing lymphoblastoid cells. From this point of view,
addressing SNPs in VDR region in MS patients is an interesting issue. There are four
SNPs within the VDR gene, rs2228570 (Fok1), rs731236 (Taq1), rs1544410 (Bsm1),
and rs7975232 (Apa1), of which the last three SNPS are in LD (Cox et al. 2012).
Cox et al. (2012) found weak evidence for an association between the rs731236
(Taq1) C-allele and MS. There was a trend for a gene–gene interaction between Taq1
and the HLA-DRB1*1501. However, this did not reach significance thresholds. In
a recent meta-analysis, Handel could not find any significant association between
the VDR SNPs and MS susceptibility (Handel and Ramagopalan 2012). More in-
teresting was an observation that the ORs of these SNPs depend on the presence of
HLA-DRB1*1501 alleles (Handel and Ramagopalan 2012). This highlights the fact
that functional interaction between VDR SNPs and HLA-DRB1*1501 alleles may be
concealing a considerable contribution to MS susceptibility.

Next to HLA-DRB1 locus, VDR-binding sites were found near other autoimmune
and cancer-associated genes identified from GWA studies, including IRF8 associ-
ated with MS, and PTPN2 associated with Crohn’s disease (Wellcome Trust Case
Control Consortium 2007), type I diabetes (T1D) (Todd et al. 2007), and rheumatoid
arthritis (RA) (Okada et al. 2012). This evidence supports a role for vitamin D in
susceptibility to MS and other autoimmune diseases through effects on a substantial
number of associated genes and highlights a number of important candidate regions
to be investigated further.

10.6.2 Infectious Mononucleosis and Human Leucocyte Antigen

A history of Infectious Mononucleosis (IM) increases the risk to develop
MS. A meta-analysis (Thacker et al 2006) reported a combined relative risk
of MS after IM of 2.3 (95 % CI 1.7–3.0). A suggested mechanism is a
common genetic basis that predisposes to both diseases. Ramagopalan et al.
(2011a) have failed to find any association with the strong MS risk allele
HLA-DRB1*1501. Instead, they observed that HLA-DRB1*01:01 allele was
most significantly associated with IM, which has a protective role in MS
(Ramagopalan et al. 2007). Jafari et al. (2010) showed that an HLA-A class I SNP
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rs6457110 associated with MI, was also associated with MS, independent of major
class II allele, supporting the hypothesis that shared genetics may contribute to the
association between IM and MS. Further research is thus necessary to assess whether
the risk of IM on MS is genetically determined.

10.6.3 Smoking

There is an association between cigarette smoking and higher MS susceptibility
(Biran and Steiner 2004; Riise et al. 2003). A recent meta-analysis, examining the
effect of past or current smoking on MS susceptibility, reported a risk ratio of 1.57
(95 % CI 1.41–1.76, p < 0.00001) (Handel and Ramagopalan 2011) in sporadic MS.
In MS multiplex family, no association was found between MS and smoking (Jafari
et al. 2009).

Hedstrom et al. (2011) assessed interactions between smoking and the genetic risk
factors HLA-DRB1*15 and HLA-A*02 in a Swedish case-control study. They found
that the presence of susceptibility locus HLA-DRB1*15 and absence of protective
locus HLA-A*02 in smokers rendered an OR of 13.5 (95 % CI 8.1–22.6), compared
to OR of 4.9 (95 % CI 3.6–6.6) in nonsmokers. They hypothesized that smoking- re-
lated secondary lung infections and/or increased levels of posttranslational modified
proteins in the lungs may provide cross-reactivity with CNS proteins, thus promoting
autoreactive immune response (Hedstrom et al. 2011). Odoardi et al. (Nature 2012)
showed in the EAE rat model that intravenoulsy transferred T-cell blasts gain the
capacity to enter the CNS after residing transiently within the lung tissues.

10.7 Epigenetics

Several mechanisms exist which lead to epigenetic modifications, like DNA methy-
lation, histone modification, noncoding RNA, and nucleosome positioning. The
interplay between these factors leads to alterations of the chromatin structure and
thereby altering the accessibility of the DNA to be transcribed into RNA and thus
eventually protein. Importantly, epigenetical alterations are reversible and cell (type)-
specific (Meda et al. 2011). For example, in Th1 cells the promoter of IFN-γ is
demethylated, whereas in Tregs the FoxP3 promoter must be fully demethylated for
stable expression of FoxP3.

In MS, relatively little is known regarding epigenetical modifications compared
with controls. One study compared the transciptome and epigenetical modification
of CD4+ Th cells obtained from three pairs of disconcordant twins and unrelated
controls. Surprisingly, they found no significant differences between the affected
twin and the nonaffected twin. However, it should be noted that this first and very
interesting study might be underpowered to detect differences given the very strict
quality controls and corrections for multiple testing necessary to interpret the results
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(Baranzini et al. 2010). Another study used postmortem normal-appearing white
matter (NAWM) from four MS patients and four non-neurological controls for a
chromatin immunoprecipitation (ChiP) assay. Their findings were subsequently val-
idated in 19 other MS and 15 controls using quantitative polymerase chain reaction
q-PCR immunohistochemistry, and blotting techniques to quantify protein levels,
and also to compare different types of MS lesions. Interestingly, they found in-
creased levels of deacetylation in early MS lesions whereas marked acetylation was
observed in chronic lesions, indicating that during disease progression more tran-
scriptional inhibitors of ODC differentiation genes are activated (Pedre et al. 2011).
Moreover, histone deacetylase 1 (HDAC1), an important repressor of transcription,
is found in damaged axons in the brain lesions of MS patients (Kim et al. 2010). In
EAE, treatment with the histone deacetylase inhibitor trichostatin A reduces spinal
cord inflammation, demyelination, neuronal and axonal loss, and ameliorates dis-
ability in the relapsing phase of this MS model (Camelo et al. 2005). Moreover,
increased citrullinated myelin basic protein (MBP) is found in the NAWM of MS
patients compared with other neurodegenerative diseases and non-neurological con-
trols. This citrullinated MBP is less stable and might result in the observed myelin loss
in MS brain. Citrullination of proteins is mediated by peptidylarginine deiminases
family (PAD) and it was shown that PAD2 is increased in MS brain. In the NAWM of
MS brains, there is hypomethylation of PAD2 promoter, possibly leading to aberrant
PAD2 expression. However, in the thymus of the same patients, no alterations in
methylation of the PAD2 promoter were found (Mastronardi et al. 2007). In addition
to epigenetic alterations observed in different types of tissues in MS patients, it will
be of interest to assess how environmental factors, like EBV and vitamin D, are able
to alter the epigenome and how this might contribute to the risk of developing MS.

The increase in MS susceptibility mainly occurring in females might at least
partially be explained with epigenetics. It is well known that epigenetical modifica-
tions can be inherited maternally. The classical epigenetical modification in females
is X-chrosomal inactivation. Currently, studying X-chromosomal genetics is very
challenging, because of the complex architecture of the X-chromosome.

10.7.1 Micro Ribonucleic Acid (miRNA)

As histone modifications and DNA methylation regulate the availability of DNA to
be transcribed into mRNA, miRNA regulates the level of gene transcription at the
posttranscriptional level. miRNA usually binds to the 3′-UTR of the mRNA and this
binding might either lead to degradation or transcriptional repression, which depends
on the level of sequence complementarity (Bartel 2004). A single miRNA can target
hundreds of mRNAs and most of the currently known interactions between miRNA
and mRNA are based on computational analysis and have yet not experimentally
been validated (Angerstein et al. 2012).
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Numerous studies have been performed to assess whether miRNA are upregulated
or downregulated in MS patients. Similar to modifications in histones and methyla-
tion status of the DNA, it should be noted that miRNA expression profiles are cell
type-and tissue-specific. Most of the miRNA studies performed in MS patients have
focused on peripheral blood, either in whole blood samples or on sorted T cell sub-
sets. A few studies have investigated the expression of miRNA in postmortem white
matter brain materials of MS patients, whereas to our knowledge no study exists on
gray matter brain lesions.

In total, 18 miRNA are found in at least two studies with MS patients or within
EAE experiments. These were mostly upregulated in peripheral blood of MS pa-
tients (reviewed in Junker 2011). Using another approach, via a search using the
miR2Disease database, Angerstein et al. (2012) found 16 miRNA differentially ex-
pressed in MS patients in at least four independent published studies. Five of these
miRNA were also previously found in at least two MS or EAE studies. The discrep-
ancy can be explained by the fact that the miR2Disease database does not contain
the most recent miRNA profiling studies in MS patients. Several miRNA have con-
sistently been shown to be upregulated in peripheral blood of MS patients. These
include miR142-3p, miR146-5p, miR155-5p, and miR326. Interestingly, miR155-5p
has also consistently been shown to be upregulated in MS brain. Experimentally vali-
dating the target genes of these miRNA will help to further understand the underlying
mechanism and possibly the pathogenesis of MS.

10.8 Genetic Link to Other Autoimmune Diseases

Clinical and epidemiological observations imply that immune-mediated inflamma-
tory and autoimmune diseases can occur simultaneously in a single person or in
closely related family members. Many of the autoimmune diseases have a strong
genetic component on the disease risk (Barrett et al. 2008; Hunt et al. 2008;
Stahl et al. 2010; International Multiple Sclerosis Genetics Consortium et al. 2011)
implicating that common causal genes and pathways may underlie the observed
cosegregation of these diseases.

Through GWA studies, as many as 140 susceptibility loci have been identified
for immune-mediated and autoimmune disorders (Cotsapas et al. 2011). There is
evidence that genetic variations predisposing to one disease can have effect on risk of
another disease (Smyth et al. 2008), for example, T1D susceptibility genes CLEC16A
and CD226, also influence susceptibility to MS (International Multiple Sclerosis
Genetics Consortium 2009).

Sometimes, a polymorphism can make an individual susceptible to one disease,
but be protective of another (Sirota et al. 2009), for example, the HLA class II
genes. Most autoimmune diseases show association with HLA genes. In MS, the
disease risk is substantially increased in carriers of HLA-DRB1*1501. In T1D, this
gene has a protective effect. In this light it may not be surprising why these two
diseases segregate much often in Sardinia where DRB1*1501 is uncommon in general
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Fig. 10.2 Venn-diagram of genetic overlap between different autoimmune diseases. Increasing
size of the circle represents more genetic overlap between autoimmune diseases. The number in
the outer circle represents the number of genes shared between a given autoimmune disease and
MS. In the inner circles, the genetic overlap between three autoimmune diseases is shown. Please
note that these inner circles are not showing complete overlap between the diseases for the sake of
clarity. T1D type 1 diabetes, T2D type 2 diabetes, CU colitis ulcerosa, MS multiple sclerosis, RA
rheumatoid arthritis. (IMSGC Nature 2011 and www.genome.gov.)

population (Marrosu et al. 2004). When all known associated genes (p < 10−7) for
seven common autoimmune diseases are visualized together as a network, the extent
of sharing can be clearly appreciated (Fig. 10.2). Visualization of such networks
enables to inspect and understand the genetic similarity between the diseases.

10.9 Future Perspectives

The recent introduction of instruments and technologies, such as next-generation se-
quencing (NGS), is rapidly changing the landscape of genetics, providing the ability
to answer questions with heretofore unimaginable speed. Here, we will elaborate
some new techniques and discoveries made possible by these new technologies.

file:www.genome.gov
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10.9.1 Next-Generation Sequencing and Rare Variants

Familial cases affected by MS seem to have higher risk allele frequencies than spo-
radic cases. They also exhibit a significant aggregation of susceptibility loci, resulting
in increased disease susceptibility. Common susceptibility loci do not entirely ex-
plain the strong familial aggregation of MS. Attention should be drawn to rarer
variants (minor allele frequencies of < 1 %), which might have larger effect on dis-
ease susceptibility and could possibility explain MS clustering in families. Different
techniques are needed to be able to search for these rare variants, because most GWA
studies are unable to detect them.

NGS techniques have allowed large-scale genomic sequencing to be used in
genetic research. It can be used for whole-genome sequencing or more targeted
discovery of mutations or polymorphisms, and also for mapping of structural rear-
rangements such as copy number variation, balanced translocation breakpoints, and
chromosomal inversions. It can also be used for RNA sequencing, large-scale anal-
ysis of DNA methylation, and genome-wide mapping of DNA–protein interactions.
Over the next few years, the list of applications in MS will undoubtedly grow.

Determining the sequence of the entire human genome is referred to as whole-
genome sequencing. Whole-exome sequencing refers to the sequencing of the exome
(all known protein-coding regions of the genome). An exome is less costly to se-
quence than a whole genome because the exome represents only about 1 % of the
human genome. However, it should be noted that using only exome sequencing
important SNP in regulatory regions remain undetected, while these might have
important functions in the development of a disease, via the regulation of expression.

Whole-exome sequencing was for the first time carried out by Ramagopalan et al.
(2011b) on probands from 43 multiplex MS families. They identified three rare
variants in CBLB, IL7R, and CYP27B1 genes. These were genotyped in 3,046 parents-
affected child trios, but only one SNP (rs118204009) in CYP27B1 showed evidence
of association in this large MS cohort. Genotyping the variant in the original multiplex
family showed that it was present in 100 % of affected family members and in one
unaffected parent. The variant causes an arginine-to-histidine change at position 389
of the protein (R389H) and leads to complete loss of enzyme activity of CYP27B1,
which converts 25-hydroxyvitamin D into bioactive 1,25-dihydroxyvitamin D3, and
hereby induces low levels of vitamin D. The same study group has showed earlier that
vitamin D regulates > 80 % of MS-associated genetic loci (Ramagopalan et al. 2010)
and hypothesized that lower levels of calcitriol as a result of CYP27B1 mutations lead
to a violation of critical gene–environment interactions important for the development
of MS.

Another study group (Dyment et al. 2012) performed sequencing in four members
of a large MS family of German ancestry. After specific filtering conditions, an
SNP (rs 55762744) in the TYK2 gene on chromosome 19p13 was the only variant
identified. This variant encodes a missense mutation in exon 3 that changes an alanine
to threonine (A53T), predicted by PolyPhen and SIFT software to have an impact
on protein function. Of the affected individuals with DNA available, a total of 10/14
(72 %) were positive for the TYK2 mutation. The unaffected family members were
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also genotyped and a total of 28/60 (47 %) were positive for the variant. There was
significant transmission disequilibrium from parents to affected offspring (16 times
transmitted vs. 5 times not transmitted, p = 0.016). TYK2 belongs to the JAK proteins.
These are involved in phosphorylation of adaptor proteins after cytokine R signaling.

MS has previously been associated with another, nonsynonymous SNP
(rs34536443) in TYK2 (P1104A) (Mero et al. 2010), which lies over 25 kb down-
stream of rs55762744. SNP rs34536443 is considered as protective in MS, whereas
evidence has been provided that rs55762744 confers risk to MS (Dyment et al. 2012).
It is not strange to observe both, risk and protective SNP, together in susceptibility
to MS. This has been shown previously for the HLA II genes (see HLA class II).
Couturier et al. (Brain 2010) found no association of the rs34536554 polymorphism
with responce to INF-β treatment in French MS patients. How the new identified
variant in TYK2 gene acts to increase MS risk is still to be verified through functional
studies.

10.9.2 Expression Quantitative Trait Loci and Multiple Sclerosis

For many complex diseases such as MS, many susceptibility genes have been discov-
ered through GWA studies. The association studies often report the most statistically
significant hits and the suggested functionality is typically speculative, based on
available annotation of genes in the vicinity of the variants. Furthermore, for the
great majority of these variants, it is still unclear through which mechanisms they
are associated with the disease (see also par. 10.4.1.7 Functional Immunogenetics).
A conventional approach has been to assess disease-associated SNPs for associations
with differential gene expression, since most of discovered susceptibility SNPs are
situated in noncoding and regulatory regions of the genome. These are so-called
expression quantitative trait loci (eQTLs). eQTLs can have local (cis) and distant
(trans) effects, allowing the identification of pieces of biological network related
to the disease. These networks might be the link between several different genetic
variants that appeared to be associated with a disease in a GWA study.

Genome-wide eQTL analysis has proven fruitful in the study of diseases including
obesity (Schadt et al. 2005), hypercholesterolemia (Goring et al. 2007), celiac dis-
ease (Dubois et al. 2010), late-onsetAlzheimer disease (Webster et al. 2009), Crohn’s
disease (Fehrmann et al. 2011) and MS. As stated previously, the HLA region exerts
the largest genetic contribution to MS susceptibility, but how it exactly alters the risk,
is still unknown. By analyzing eQTLs in the HLA region, Alcina et al. (2012) found
that the tagging SNP (rs3135388, A allele) of HLA-DRB1*1501 correlated with high
expression of DRB1, DRB5, and DQB1 genes in a Caucasion population with MS.
The MS risk (AA) genotype carriers of rs3135388 were associated with 15.7-fold,
5.2-fold, and 8.3-fold higher mRNA expression of DQB1, DRB5, and DRB1,
respectively, compared with the nonrisk (GG) carriers. In all populations studied,
due to LD, the DRB1*1501 allele correlated with higher expression of the DRB1
gene. In a different study (Alcina et al. 2012) showed that a single SNP (rs10877013)
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could influence the enhancer acitivity of a regulatory element in the locus affecting
the expression of several genes (TSFM, TSPAN31, CYP27B1, AVIL and FAM119B)
which are located in the 12q13.3-12q14.1 chromosomal region associatied with MS.

The CLEC16A gene has previously been shown as a candidate gene for
MS. It resides on chromosome 16 (16p13 region) together with other genes
such as MHC class II transactivator (CIITA) and suppressor of cytokine sig-
nalling 1 (SOCS1) as well as DEXI, a gene of unknown function. Davison
et al. (2012) found out that the increased expression of DEXI gene correlated
with SNPs in intron 19 of CLEC16A gene, which are in high LD with each
other, including SNP rs12708716, reported in several studies as most associated
with T1D and MS (International Multiple Sclerosis Genetics Consortium 2009;
Mero et al. 2011). These findings indicate a progression of our knowledge from
disease-associated genetic regions identified in GWA study to more convincing
evidence of causal genes in the pathogenesis of autoimmune disorders.

Further studies using the eQTL approach for other MS susceptibility genes are
still yet to come.

10.9.3 Can Multiple Sclerosis Be Predicted by Susceptibility
Genes?

An important goal in understanding the genetic basis of MS is predicting the disease
risk using the genetics, so that environmental changes or therapeutic interventions
can be initiated before inflammatory demyelination process starts. In high-risk popu-
lation, such as first-degree family members and in individuals with an initial episode
of neurological deficit, novel screening methods will be useful in order to determine
which individuals will benefit most from early intervention. The early detection is
important because early treatment in individuals with one episode is beneficial in
reducing the accumulation of neurological disability (Kieseier et al. 2008).

De Jager et al. (2009c) have calculated the weighted genetic risk score (wGRS)
using the OR of 16 MS susceptibility loci for the prediction of the diagnosis of MS
in three independent cohorts. From the wGRS a C-statistic can be obtained which
is used to compare the goodness-of-fit of logistic regression models. The discrimi-
nation between patients and controls is determined and the C-statistic value ranges
from 0.5 to 1.0. A value of 0.5 indicates that the model is no better than a chance at
making a prediction of person into a group (patients vs. controls) and a value of 1.0
indicates that the model perfectly differentiates between patients and controls. Mod-
els are typically considered reasonable when the C-statistic is higher than 0.7 and
strong when C exceeds 0.8 (Hosmer andLemeshow 2000). For clinical prediction, a
C-statistic greater than 0.8 is generally considered to be useful (Ramagopalan and
Giovannoni 2009). De Jager and colleagues report a C-statistic of about 0.64 in two
case-control validation populations. The C-statistic excluding the HLA DRB1*15
allele in these cohorts was 0.56. When anti-EBNA1 (EBV) titres and smoking his-
tory were incorporated into the model, the C-statistic improved from 0.64 to 0.68,
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indicating the importance of including environmental factors in a prediction model.
Their best C-statistic from the wGRS was 0.721 when gender was included as well.
Gourraud et al. (2011) also investigated the accumulated genetic MS risk in affected
individuals in multiple and single case families using 16 MS susceptibility loci,
partly matching with those of de Jager et al. They showed that a greater genetic
burden in siblings of MS patients was associated with an increased MS risk (OR 2.1,
p = 0.001). However, the C-statistic for genetic burden difference between probands
and siblings was only 0.57 (95 % CI 0.53–0.61), indicating that the available genetic
data are not sufficient to achieve case-control prediction of MS. In another report,
Jafari et al. used a model including 53 MS susceptibility loci but still achieving a
C-statistic of only 0.69 (Jafari et al. 2011). They showed that theoretical inclusion
of 50 newly found common genetic variants with OR of 1.4 or lesser number of rare
variants with even higher OR, are needed to achieve a C-statistic of 0.85. Most of
the susceptibility loci for MS risk identified so far, except HLA-DRB1, have only a
modest effect on risk for MS with OR that ranges from 1.1 to 1.2

It can be summarized that the knowledge and the models available so far are not
sufficient enough to be able to predict with reasonable accuracy, which individuals
will develop MS and which individuals will not.

10.9.4 Pharmacogenetics and Multiple Sclerosis

Interferon-beta (IFN-β) is currently the most widely prescribed disease-modifying
drug for relapsing–remitting MS and has been proven modestly effective in reducing
the relapse rate and decreasing disease activity (Jacobs et al. 1996; Stone et al. 1997).
About 20–50 % of patients do not respond to IFN-β treatment, depending on the de-
velopment of neutralizing antibodies against IFN-β, or criteria used clinically and
radiologically to evaluate treatment failure (Rio et al. 2002). INF-β signals through
a cascade modulating cellular gene-expression. Affected pathways are antiviral ac-
tivity, cell cycle, apoptosis, Th1 differentiation and other biological processes (Stark
2007). In order to provide predictive and accurate biomarkers for clinical use, differ-
ent approaches have been used, such as candidate genes or whole-genome association
scans and gene-expression/transcriptomic studies.

10.9.4.1 Candidate Gene Approach

The type I IFN system has been postulated to play a role in autoimmune diseases
(Ronnblom et al. 1991). Increased expression of IFN-induced genes has been
detected in several autoimmune diseases like systemic lupus erythematosus (SLE)
(Baechler et al. 2003), Rheumatoid Arthritis (RA) (van der Pouw Kraan et al.
2007), and in MS patients (van Baarsen et al. 2006; Croze 2010; Hundeshagen
et al. 2012). The interferon regulatory factors (IRFs) are major regulators of genes
activated by the type I IFNs and a role in the regulation of the immune system is
well established for the majority of the IRFs. Since the identification of the first
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IRF, IRF-1, as a protein-binding to the cis-acting DNA elements of the IFN-β
gene, a total of ten members has been identified in vertebrates with functions from
activators (IRF-1, IRF-3, IRF-5, IRF-9, and IRF-10) to repressors (IRF-8); and
some of them (IRF-2, IRF-4, and IRF-7) also exert both activating and repressing
functions (Huang et al. 2010). IRF5 is a master regulator of IFN type 1 activity and
it is involved in the toll-like receptor signaling pathways. In a candidate gene study,
Vosslamber et al. (2011) found that patients with IRF5 SNP rs2004640-TT and
SNP rs47281420-AA genotype exerted a poor pharmacological response to IFN-β
compared with patients carrying the respective G-alleles (p = 0.0006 and p = 0.0023,
respectively). The rs2004640-TT genotype also correlated with development of
more magnetic resonance imaging (MRI)-based T2 lesions during IFN-β treatment
(p = 0.003). These findings were validated in a different cohort by the same group
where they found a shorter time to first relapse (p = 0.037).

To date, only two whole-genome studies have been published investigating SNPs
associated with INF-β therapy response (Byun et al. 2008; Comabella et al. 2009a).
The results should be considered with caution because the studies are onderpowered
and lack replication from other study groups. Buyn and colleagues have genotyped
99 responders (no relapses and no increase on Expanded Disability Status Scale
(EDSS) during 2-year follow-up) and 107 nonresponders (two or more relapses or
confirmed increase of at least one point on EDSS during 2-year follow-up) using
Affimetrix 100 K SNP arrays (Byun et al. 2008). Top-scoring candidate SNPs were
subsequently genotyped in 81 additional MS patients classified into responders and
nonresponders. Using similar design, Comabella et al. genotyped 53 responders and
53 nonresponders using Affymetrix 500 K SNP arrays using the same criteria as
Byun et al. (Byun et al. 2008), except for nonresponders both relapses and con-
firmed progression on EDSS scale were needed (Comabella et al. 2009a). Once
again, the top 100 high-scoring candidate SNPs were validated in a different co-
hort of 94 responders and nonresponders. The most of the identified SNPs lie in
brain-specific genes in both studies. Top-scoring intragenic SNPs that were found
by Byun et al. are localized in the following genes HAPLN1, GPC5, COL25A1,
ERC2, FAM19A1, and NPAS3. Comabella et al. identified GRIA3, CIT, ADAR,
ZFAT, STARD13, ZFHX4, and IFNAR2 genes. None of these genes are validated MS
risk genes currently. Two of the genes have been associated with Parkinson’s disease
(ERC2) and Alzheimer’s disease and Alzheimer’s disease (COL25AT ). COL25AT
encodes a brain-specific membrane-bound collagen that is proteolytically cleaved to
release a soluble form, which is associated with senile plaques in Alzheimer’s pa-
tients. ERC2 gene encodes a calpain inhibitor, which is part of the calpain/calpastatin
system. This system is evolved in neural vesicle exocytosis, modulating cell adhe-
sion, and migration (Hood et al. 2003). Furthermore, Comabella et al. have identified
genes that belong to the type I IFN pathway among the group of responders. The
genes included in this category are IFNAR2a and ADAR. Both have been replicated in
the independent cohort by Comabella et al. ADAR encodes an RNA-editing enzyme
that targets dsRNA and interferes with viral replication processes. IFNAR2 encodes a
type I membrane protein that forms one of the two subunits of the type I IFN receptor.
Many more candidate gene studies have focused on the type I IFN receptor-responsive
genes, providing conflicting evidence (Sriram et al. 2003; Cunningham et al. 2005;
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Leyva et al. 2005; O’Doherty et al. 2009). A better understanding of their role in MS
and response to INF-β therapy is needed.

The HLA class I and II genetic regions have been investigated in Spanish stud-
ies, but showed lack of association with response to IFN-β (Villoslada et al. 2002;
Fernandez et al. 2005; Comabella et al. 2009b).

10.9.4.2 Expression Profiling

Transcriptional profiling studies have been performed in order to identify gene-
expression patterns induced by IFN-β therapy. Stürzebecher et al. demonstrated ex
vivo different gene-expression profiles between responders and nonresponders in-
duced using PBMCs by IFN-β treatment (Sturzebecher et al. 2003). They also showed
that responders to treatment experienced downregulation of IL-8 during treatment
follow-up, while patients not fully responding to IFN-β treatment showed a lesser
or no downregulation of IL-8. IL-8 is one of the important chemotactic mediators
recruiting neutrophils to sites of inflammation and IFN-β has been shown to inhibit
IL-8 expression in vitro via a nuclear factor-κB (NF-κB)- binding site (Oliveira et al.
1994). The role of neutrophils in the pathophysiology of MS is doubtful, but activated
neutrophils can induce the chemotaxis of Th17 cell. Activated Th17 cells are capable
of directly chemoattracting neutrophils via secretion of biologically active IL-8 (Pel-
letier et al. 2010). This is an important fact in view of evidence for an effector role of
Th17 cells in MS. IL-8 also has an autocrine effect on monocytes (Browning et al.
2000) and triggers the adhesion of these cells to endothelial cells (Gerszten et al.
1999), suggesting that IL-8 may have a role in mediating the recruitment of mono-
cytes into the CNS. High levels of Il-8 during the first trimester in pregnant women
with history of MS are associated with high risk of postpartum relapse (Neuteboom
et al. 2009). Comabella et al. found that IFN-β nonresponders express a substantial
fraction of type I IFN-regulated genes at elevated levels prior to IFN-β treatment
(Comabella et al. 2009c). In contrast, the expression of type I IFN genes was low
in responders, but was inducible during treatment with IFN-β. Using eight best dis-
criminating genes (IFIT 3, RASGEF1B, OASl, IFI44, IFIT2, FADS1, OASL, and
MARCKS), where five genes are induced by type I IFNs, Comabella and colleagues
calculated the predictive accuracy for response to IFN-β, ranging from 78 % (in
original cohort) to 63 % (in replication cohort). They also assessed at the biomarkers
for type I IFN response, such as phosphorylated STAT1 (p-STAT1) in monocytes.
Significantly higher levels of p-STAT1 were found in monocytes, but not in T and B
cells, of nonresponders compared to responders. These findings indicate that the type
I IFN pathway in monocytes is fully activated prior to therapy with IFN-β and cannot
be activated further in nonresponders (Comabella et al. 2009c). They also found a
significantly elevated surface expression of IFNAR1, but not IFNAR2 on monocytes
of nonresponders, increased serum type I IFN bioactivity, and elevated activity status
of myeloid dendritic cells (increased expression of CD86). Furthermore, many other
genes (IL-1β, TNF-α, STAT1, CXCL10, PTX3, and CCR1) were transcribed at higher
levels in nonresponders, suggesting increased activation of the innate immune sys-
tem. In conclusion, it seems to be counterintuitive to treat nonresponders with IFN-β,
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while their type I IFN genes are already overexpressed at the baseline. Clinically, it
is questionable whether these patients will benefit from neutralization of type I IFNs,
as proposed for other autoimmune diseases also characterized by the type I IFN sig-
nature (Stewart 2003). Approaches to idetify biomarkers associated with response
to IFN-β treatment in MS are promising. However, before pharmacogenetics can be
incorporated into clinical practice, majority of biomarkers needs to be validated in
larger cohorts of responders and non-responders with long clinical follow-up.

10.10 Conclusions

Thanks to decreasing costs, increasing technological possibilities and improved
collaborations between large academic MS centres, it became possible to investigate
large numbers of genetic variants as well as gene expression in large groups of
patients and controls. Currently, we are at the stage of discovering SNPs and risk
genes, which up until now contribute only relatively little to the genetic burden of
MS compared to HLA class II. It is now important to conduct functional studies to
assess how these SNPs and genes are involved in the pathogenesis of MS and thus
contribute to its susceptibility. It is of interest that the majority of these genes found
unbiased have immunological functions, further supporting the assumption that MS
is an autoimmune disease. Many of the genes found in MS, are also associated with
other autoimmune diseases. This might implicate that there is a common mechanism,
which increases the vulnerability to develop an autoimmune disease. From the very
few neuronal genes found, only one has previously been associated with MS and two
others have been implicated in other neurodegenerative diseases. Other important
outstanding questions are how the environment may “modulate” the epigenetic
landscape and thereby further contribute to the development of MS. Lastly, it will
be of interest to assess whether the current MS risk genes can be used to predict
response to treatment, as the number of treatment options for MS are increasing.
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Chapter 11
Gene Expression Profiling and Pathway Analysis
for Identification of Molecular Targets in MS

Jun-ichi Satoh

11.1 Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating disease affecting exclu-
sively the central nervous system (CNS) white matter, mediated by an autoimmune
process triggered by a complex interplay between genetic and environmental factors
(Sospedra and Martin 2005). Although the precise immune mechanisms remain un-
known, accumulating evidence indicates a pivotal role of proinflammatory T helper
type 1 (Th1) and type 17 (Th17) lymphocytes in the pathogenesis of MS (Steinman
2007). MS shows a great range of phenotypic variability. In view of the clinical
course, MS is classified into relapsing–remitting form (RRMS), secondary progres-
sive form (SPMS), or primary progressive form (PPMS). Pathologically, MS lesions
show a variable degree of inflammation, complement activation, antibody deposition,
demyelination, remyelination, oligodendrocyte apoptosis, and axonal degeneration
(Lucchinetti et al. 2000). The drugs currently used in clinical practice, including
interferon-beta (IFN-β), glatiramer acetate, mitoxantrone, fingolimod (FTY720),
and natalizumab, have shown limited efficacy in selected populations of patients
(Rudick et al. 2004). Based on these observations, we could postulate that MS is a
neurological syndrome, caused by different immunological mechanisms, leading to
the final common pathway that triggers inflammatory demyelination. Therefore, the
identification of molecular targets and biomarkers responsible for the complex phe-
notype of MS enables us to establish the molecular mechanism-based personalized
therapy of MS.

After the completion of the Human Genome Project in 2003, the global analysis of
the genome, transcriptome, proteome, and metabolome, collectively termed omics,
enables us to characterize the genome-wide molecular mechanisms of the diseases,
and helps us to identify disease-specific molecular signatures and biomarkers for
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diagnosis and prediction of prognosis. Recently, the genome-wide association studies
(GWAS) disclosed numerous risk alleles for the susceptibility of MS (International
Multiple Sclerosis Genetics Consortium et al. 2007 and 2011). The comprehensive
transcriptome and proteome profiling of disease-affected brain tissues elucidated key
molecules whose role has not been previously predicted in the pathogenesis of MS
(Lock et al. 2002; Han et al. 2008). Most recently, the next-generation sequencing
(NGS) technology enables us to investigate the genetic basis of MS at the level of
whole genome of individual patients (Baranzini et al. 2010).

As the omics study generally produces high-throughput data at one time, it is
often difficult to extract the most important implications from such a huge data set.
However, recent advances in bioinformatics and systems biology have made major
breakthroughs by illustrating the cell-wide map of complex molecular interactions
with the aid of the literature-based knowledgebase of molecular pathways (Satoh
2010). The logically arranged molecular networks construct the whole system char-
acterized by robustness that maintains the proper function of the system in the face of
genetic and environmental perturbations (Kitano 2007). In the scale-free molecular
network, targeted disruption of limited numbers of critical components designated
hubs, on which the biologically important molecular connections concentrate, dis-
turbs the whole cellular function by destabilizing the network (Albert et al. 2000).
From this point of view, the integration of “omics data” derived from disease-affected
cells and tissues with underlying molecular networks may enable us to identify novel
disease-relevant pathways and network-based effective drug targets for personalized
therapy.

Increasing numbers of omics data have been deposited in public databases, such as
the Gene Expression Omnibus (GEO) repository (www.ncbi.nlm.nih.gov/geo) and
the ArrayExpress archive (www.ebi.ac.uk/arrayexpress). Importantly, they include
the disease-oriented data that have potentially valuable information on molecular
networks and biomarkers of the diseases, particularly when they are reanalyzed by
means of appropriate bioinformatics tools (Satoh et al. 2009a). Here, this study would
introduce our approach to establish the logical hypothesis of molecular mechanisms
underlying MS, and to identify molecular targets and biomarkers from publicly ac-
cessible omics data of MS by effectively combining gene expression profiling and
molecular network analysis.

11.2 From Global Gene Expression Profiling to Molecular
Network Analysis

DNA microarray allows us to systematically monitor the genome-wide gene ex-
pression pattern of disease-affected cells and tissues. This technology enables us
to illustrate most efficiently a global picture of cellular activity by quantification
of the messenger RNA (mRNA) expression levels, although the mRNA levels do
not always correlate with the protein levels, and the latter is more directly in-
volved in cellular function. However, the use of DNA microarray is more convenient
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Fig. 11.1 The load map from global gene expression profiling to molecular network analysis. For
transcriptome analysis, total RNA samples labeled with fluorescent dyes are processed for hybridiza-
tion with oligonucleotide probes immobilized on the microarrays, which should include biological
replicates. To identify the list of differentially expressed genes (DEGs) among the samples, the nor-
malized data are processed for statistical analysis, followed by validation by quantitative RT-PCR
(qRT-PCR). They are also processed for hierarchical clustering analysis, gene ontology, and func-
tion analysis. To identify biologically relevant molecular pathways, the list of DEGs is imported into
pathway analysis tools of bioinformatics endowed with a comprehensive knowledgebase. They also
accept the large-scale gene list derived from proteome analysis by mass spectrometry and genome
analysis by deep sequencing on next-generation sequencers. ANOVA analysis of variance, MCT
multiple comparison test, FDR false discovery rate, DAVID Database for Annotation, Visualization,
and Integrated Discovery, IPA Ingenuity Pathways Analysis, KEGG Kyoto Encyclopedia of Genes
and Genomes, PANTHER Protein Analysis through Evolutionary Relationships

to collect temporal and spatial snapshots of gene expression than the conventional
mass spectrometry, which is often hampered by limited resolution of protein sepa-
ration. We could logically assume that the set of coregulated genes identified in the
transcriptome have similar biological functions within the cells.

Firstly, I would like to give a brief overview of the experimental procedure of
global expression profiling and molecular network analysis (Fig. 11.1). For transcrip-
tome analysis, various types of microarrays are currently available. The MicroArray
Quality Control (MAQC) project has proven that the core results are well repro-
ducible among different platforms employed (MAQC Consortium et al. 2006). Each
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experiment should contain biological replicates to validate reproducibility of the
principal observations. The raw data are normalized by representative methods, such
as the quantile normalization method and the Robust MultiChip Average (RMA)
method by using the R software of the Bioconductor package (cran.r-project.org) or
the GeneSpring software (Agilent Technology). To identify differentially expressed
genes (DEGs) among distinct samples, the normalized data are processed for statis-
tical analysis with t-test for comparison between two groups or analysis of variance
(ANOVA) for comparison among more than three groups, followed by multiple
comparison test with the Bonferroni correction or by controlling false discovery rate
(FDR) below 0.05 to adjust p-values.

Then, the levels of expression of DEGs should be validated by quantitative
RT-PCR (qRT-PCR). The normalized data are processed for hierarchical cluster-
ing analysis to classify the expression profile-based groups of genes and samples
by using GeneSpring or the software named Cluster 3.0 (bonsai.ims.u-tokyo.ac.jp/∼
mdehoon/software/cluster) in combination with TreeView (sourceforge.net/projects/
jtreeview). A large-scale gene list also comes from proteome analysis by mass spec-
trometry and genome analysis by deep sequencing on next-generation sequencers
(Fig. 11.1).

To identify biologically relevant molecular pathways from large-scale data, we
could analyze them by using a battery of pathway analysis tools endowed with a
comprehensive knowledgebase curated and updated regularly by expert biologist.
They include Kyoto Encyclopedia of Genes and Genomes (KEGG; www.kegg.jp),
the Protein Analysis through Evolutionary Relationships (PANTHER) classification
system (www.pantherdb.org), Ingenuity Pathways Analysis (IPA Ingenuity Systems,
www.ingenuity.com), and KeyMolnet (Institute of Medicinal Molecular Design,
www.immd.co.jp) (Fig. 11.1). The Gene ID Conversion tool of the Database for An-
notation, Visualization, and Integrated Discovery (DAVID; david.abcc.ncifcrf.gov)
converts the large-scale array-specific probe IDs into the corresponding Entrez Gene
IDs, HUGO Gene Symbols, Ensembel Gene IDs, or UniProt IDs, which are conve-
nient for application to the pathway analysis tools (Huang et al. 2009). DAVID also
helps us to identify a set of enriched genes with a specified functional annotation in
the entire list of genes. KEGG, PANTHER, and DAVID are open-access databases,
while IPA and KeyMolnet are commercial ones.

KEGG systematically integrates genomic and chemical information to create the
whole biological system in silico (Kanehisa et al. 2012). KEGG includes manually
curated reference pathways that cover a wide range of metabolic, genetic, envi-
ronmental and cellular processes, and human diseases. Currently, KEGG contains
253,252 pathways. PANTHER, operating on the computational algorithms that relate
the evolution of protein sequences to the evolution of protein functions and biological
roles, provides a structured representation of protein function in the context of biolog-
ical reaction networks (Mi et al. 2010). PANTHER includes the information on 176
regulatory and metabolic pathways. By uploading the list of Gene IDs, the PANTHER
gene expression data analysis tool identifies the genes in terms of over- or under-
representation in canonical pathways, followed by statistical evaluation by multiple
comparison test with the Bonferroni correction. IPA is a knowledgebase that contains
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approximately 3,000,000 biological and chemical interactions and functional annota-
tions with definite scientific evidence. By uploading the list of Gene IDs and expres-
sion values, the network-generation algorithm identifies focused genes integrated in a
global molecular network. IPA calculates the p value score, the statistical significance
of association between the genes and the networks by the Fisher’s exact test.

KeyMolnet contains knowledge-based contents on 157,700 relationships among
human genes and proteins, small molecules, diseases, pathways, and drugs (Satoh
2010). They are categorized into the core contents collected from selected review
articles with the highest reliability or the secondary contents extracted from abstracts
of PubMed and Human Protein Reference database (HPRD). By importing the list of
Gene ID and expression values, KeyMolnet automatically provides corresponding
molecules as a node on networks. The “common upstream” network-search algo-
rithm enables us to extract the most relevant molecular network composed of the
genes coordinately regulated by putative common upstream transcription factors.
The “neighboring” network-search algorithm selected one or more molecules as
starting points to generate the network of all kinds of molecular interactions around
starting molecules, including direct activation or inactivation, transcriptional activa-
tion or repression, and the complex formation within the designated number of paths
from starting points. The “N-points to N-points” network-search algorithm identifies
the molecular network constructed by the shortest route connecting the start point
molecules and the end point molecules. The generated network was compared side
by side with 459 human canonical pathways of the KeyMolnet library. The algorithm
counting the number of overlapping molecular relations between the extracted net-
work and the canonical pathway makes it possible to identify the canonical pathway
showing the most significant contribution to the extracted network.

11.3 Molecular Network Analysis of Genome Data of MS

GWAS provide the most efficient approach to screening large numbers of disease-
associated genetic variations, including single nucleotide polymorphisms (SNPs) and
copy number variations (CNVs). Recently, GWAS identified numerous risk alleles
for the susceptibility of MS, suggesting that the complex deregulation of variable ge-
netic factors activates an autoimmune process in MS (International Multiple Sclerosis
Genetics Consortium et al. 2007 and 2011). Accumulating data and the most recent
large-scale collaborative GWAS involving 9,772 cases of European origin, taken
together, discovered the collection of 102 MS risk SNPs outside the MHC region
(Table 11.1; International Multiple Sclerosis Genetics Consortium et al. 2011). They
validated 98 of the 102 SNPs overrepresented in MS patients versus the controls. By
analyzing the relevant molecular network of the SNP genes with IPA, they found an
enrichment of immunoregulatory genes involved in the T helper cell differentiation
pathway. We studied the molecular network of the set of 98 genes by using Key-
Molnet. By the neighboring network-search algorithm, it extracted a highly complex
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molecular network composed of 607 molecules and 728 molecular relations, showing
the most significant relationship with transcriptional regulation by Myb (p = 4.755E-
176), followed byAP-1 (p = 3.162E-90) and STAT (p = 2.683E-71; Fig. 11.2). Thus,
Myb, a key transcription factor for hematopoietic cell proliferation and differentia-
tion, acts as a hub molecule in the network of MS risk SNP genes. Myb expression
is induced in neurons by apoptotic stimuli and in reactive astrocytes by excitotoxic
stress, and it plays a pivotal role in neural progenitor cell proliferation (Jeon et al.
2004; Malaterre et al. 2008). It is noteworthy that intravenous administration of
human neural stem cells ameliorates experimental autoimmune encephalomyelitis
(EAE) in a primate model of MS via an immune regulatory mechanism (Pluchino
et al. 2009). Based on these observations, further studies are warranted to investigate
an unpredicted role of Myb in the pathogenesis of MS.

11.4 Molecular Network Analysis of Transcriptome Data of MS

Recombinant IFN-β therapy is widely used as the gold standard to reduce disease
activity of MS, although up to 50 % of the patients under the treatment continue to
have relapses, followed by progression of disability. If molecular biomarkers for IFN-
β responsiveness are identified, we could adopt the best treatment options depending
on the patients, being invaluable to establish the personalized therapy of MS.

By gene expression profiling on Human Genome U133 A Plus 2.0 arrays
(Affymetrix), a previous study showed that IFN-β nonresponders (NR) of RRMS
patients following a 2-year treatment are characterized by overexpression of type I
IFN-induced genes in peripheral blood mononuclear cells (PBMC), associated with
increased endogenous production of type I IFN by monocytes at pretreatment (Coma-
bella et al. 2009). These observations suggest that a preactivated type I IFN signaling
pathway contributes to IFN-β nonresponsiveness in MS. By gene expression profil-
ing on Human Genome Focus arrays (Affymetrix), different study revealed that in
vivo injection of IFN-β rapidly induces elevation of IFI27, CCL2, and CXCL10 in
PBMC of MS patients even after 6 months of the treatment, and the induction of
IFN-responsive genes is greatly reduced in the patients with neutralizing antibodies
(NAbs) against IFN-β (Sellebjerg et al. 2009). By gene expression profiling on a
custom microarray, we found that IFN-β immediately induces a burst of expression
of chemokine genes with potential relevance to IFN-β-related early adverse effects
in MS (Satoh et al. 2006b). Furthermore, T cell gene expression profiling classifies a
heterogeneous population of Japanese MS patients into four distinct subgroups that
differ in the disease activity and therapeutic response to IFN-β (Satoh et al. 2006a).
In the latter study, we identified 286 DEGs expressed between 72 untreated Japanese
MS patients and 22 age- and sex-matched healthy subjects. From these DEGs, Key-
Molnet by the common upstream network-search algorithm extracted the molecular
network, showing the most significant relationship with transcriptional regulation by
NF-κB, a central transcription factor that regulates diverse immune responses (Satoh
et al. 2007). An active role of NF-κB was also found in the MS relapse-related gene
network (Satoh et al. 2008).
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Recently, we studied a large-scale GEO data set numbered GSE33464, composed
of PBMC transcriptome derived from 12 RRMS patients following a 2-year treatment
with IFN-β1a (Rebif; unpublished data). They were studied on Human Genome U133
A Plus 2.0 arrays. The blood sampling was performed at the time points before the
first injection, before the second injection, 1, 12, and 24 months of the treatment.
From these data, we identified IFN-β-responsive genes significantly upregulated at
1 month after treatment compared with pretreatment (p < 0.001 by Student’s t-test).
Top 25 upregulated genes are listed in Table 11.2. Among them, 20 are known IFN-
responsive genes by searching them on Interferome (www.interferome.org). At 24
months of the treatment, we classified the patients into IFN-β responders (R) as
those without relapses during 2 years and with the interval between the start of the
treatment and the first relapse longer than 24 months, and NR as those with two or
more relapses during 2 years of the treatment and with the interval between the start of
treatment and the first relapse shorter than 12 months. Those who do not meet with
these definitions were categorized into the unclassified (UC) group. Surprisingly,
hierarchical clustering analysis with the set of 25 genes as a discriminator indicated
that two R are clustered in the pretreatment-type gene expression signature, whereas
four NR are accumulated in the IFN-β-responsive gene signature (Fig. 11.3). These
observations suggest that IFN-β R and NR of MS are not clearly separated by gene
expression signature of IFN-β-responsive genes in PBMC. This is consistent with
the recent study showing that there exist no global differences in gene expression
profiles of PBMC of RRMS patients between NAb-negative IFN-β NR and R (Hesse
et al. 2010).

11.5 Molecular Network Analysis of MicroRNA (miRNA)
Targetome Data of MS

miRNAs constitute a class of endogenous small noncoding RNAs that mediate
posttranscriptional regulation of protein-coding genes by binding chiefly to the 3′
untranslated region (3′UTR) of target mRNAs, leading to translational inhibition,
mRNA destabilization, or degradation, depending on the degree of sequence comple-
mentarity. During the process of miRNA biogenesis, the pri-miRNAs are transcribed
from the intra- and intergenic regions of the genome by RNA polymerase II, and
processed by the RNase III enzyme Drosha into pre-miRNAs. After nuclear export,
they are processed by RNase III enzyme Dicer into mature miRNAs consisting of
approximately 22 nucleotides. Finally, a single-stranded miRNA is loaded onto the
RNA-induced silencing complex, where the seed sequence located at positions 2–8
from the 5′ end of the miRNA is essential for recognition of the target mRNA.

At present, more than 2,500 of human mature miRNAs are registered in miRBase
Release 20 (June 2013; www.mirbase.org). A single miRNA capable of binding to
numerous target mRNAs concurrently reduces production of hundreds of proteins,
whereas the 3′UTR of a single mRNA is often targeted by multiple different miR-
NAs, providing the complexity of miRNA-regulated gene expression (Selbach et al.
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Table 11.2 The list of top 25 genes upregulated in PBMC of RRMS patients folowing treatment
with IFN-β

Entrez
Gene ID

Gene
Symbol

Gene Name Fold
Change

Known IFN-
Responsive
Genes
(Interferome)

3429 IFI27 Interferon, alpha-inducible protein
27

27.36 Yes

6347 CCL2 Chemokine (C-C motif) ligand 2 7.62 Yes
10964 IFI44L Interferon-induced protein 44-like 7.44 Yes
91543 RSAD2 Radical S-adenosyl methionine

domain containing 2
7.31 Yes

8820 HESX1 HESX homeobox 1 7.20
6614 SIGLEC1 Sialic acid binding Ig-like lectin 1,

sialoadhesin
6.86

3434 IFIT1 Interferon-induced protein with
tetratricopeptide repeats 1

6.47 Yes

9381 OTOF Otoferlin 6.37
6355 CCL8 Chemokine (C-C motif) ligand 8 6.11 Yes
3437 IFIT3 Interferon-induced protein with

tetratricopeptide repeats 3
3.89 Yes

9636 ISG15 ISG15 ubiquitin-like modifier 3.88 Yes
129607 CMPK2 Cytidine monophosphate

(UMP-CMP) kinase 2,
mitochondrial

3.67 Yes

10561 IFI44 interferon-induced protein 44 3.57 Yes
4599 MX1 Myxovirus (influenza virus)

resistance 1
3.54 Yes

57801 HES4 Hairy and enhancer of split 4
(Drosophila)

3.48 Yes

51191 HERC5 Hect domain and RLD 5 3.26 Yes
8638 OASL 2′–5′-oligoadenylate

synthetase-like
3.17 Yes

3433 IFIT2 Interferon-induced protein with
tetratricopeptide repeats 2

2.97 Yes

55026 FAM70A Family with sequence similarity 70,
member A

2.92

4061 LY6E Lymphocyte antigen 6 complex,
locus E

2.88 Yes

27074 LAMP3 Lysosomal-associated membrane
protein 3

2.71 Yes

94240 EPSTI1 Epithelial stromal interaction 1
(breast)

2.66 Yes

55008 HERC6 Hect domain and RLD 6 2.52 Yes
54739 XAF1 XIAP associated factor 1 2.32 Yes
6712 SPTBN2 Spectrin, beta, nonerythrocytic 2 2.30

We studied the transcriptome dataset GSE33464 of PBMC derived from 12 RRMS patients following
a 2 year-treatment with IFN-β. Top 25 genes significantly upregulated at 1 month of the treatment
are listed
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Fig. 11.3 Hierarchical clustering analysis of transcriptome of PBMC derived from 12 RRMS pa-
tients following a 2-year treatment with IFN-β. We studied the GEO data set GSE33464, composed
of transcriptome of PBMC derived from 12 RRMS patients (P1–P12). The blood sampling was
performed at the time points before the first injection (time 0), 1, 12, and 24 months of the treat-
ment. We identified top 25 IFN-β-responsive genes upregulated at 1 month (Table 11.2). Based on
the clinical disease activity, the patients were classified into R, NR, or unclassified (UC). Hierar-
chical clustering analysis was performed by Cluster 3.0 and TreeView with the set of 25 genes as a
discriminator

2008). The set of miRNA target genes coregulated by an individual miRNA termed
“the miRNA targetome” generally constitutes the biologically integrated network
of functionally associated molecules (Satoh and Tabunoki 2011). Consequently, the
whole human miRNA system termed “the microRNAome” regulates greater than
60 % of all protein-coding genes essential for cellular development, differentiation,
proliferation, apoptosis, and immune response (Friedman et al. 2009). Furthermore,
approximately 70 % of presently identified miRNAs are expressed in the brain in a
spatially and temporally controlled manner, where they fine-tune diverse neuronal
and glial functions (Fineberg et al. 2009). Increasing evidence indicates that miRNA-
regulated gene expression is deregulated in MS (Junker et al. 2011). The levels of
expression of miR-326 that targets Ets-1, a negative regulator of Th17 differentiation,
are elevated substantially in PBMC of RRMS patients and in active MS lesions (Du
et al. 2009; Junker et al. 2009). Clinical relapses of MS are closely associated with
upregulation of miR-326 in purified CD4+ T cells. By miRNA microarray analy-
sis of peripheral blood samples derived from 59 treatment-free MS patients and 37
healthy controls, a recent study showed that both miR-17 and miR-20a that target
T cell-activation genes are significantly downregulated in MS (Cox et al. 2010). We
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reanalyzed their data set GEO GSE21079. The MS group is composed of 24 RRMS,
17 SPMS, and 18 PPMS patients. We identified the set of 11 miRNAs, such as let-7f,
miR-17–5p, 20b, 27a, 98, 106a, 126*, 140–5p, 374a, 454, and 624*, showing greater
than a 0.8-fold decrease in MS patients versus controls (p < 0.05 by Student’s t-test).

Recently, various bioinformatics programs have been established for the in silico
prediction of miRNA target genes. They include TargetScan 6.0 (www.targetscan.
org), PicTar (pictar.mdc-berlin.de), MicroCosm (www.ebi.ac.uk/enright-srv/micro-
cosm/htdocs/targets/v5), miRanda (www.microrna.org), and Diana-microT 3.0 (di-
ana.cslab.ece.ntua.gr/microT; Satoh and Tabunoki 2011). However, the miRNA
target prediction by these programs is often hampered by detection of numerous
false positive targets. To avoid this problem, we imported the set of 11 miRNAs
described above into the miRTarBase (mirtarbase.mbc.nctu.edu.tw), the largest col-
lection of more than 3,500 manually curated miRNA–target interactions from 985
articles, all of which are validated by luciferase reporter assay, Western blot, qRT-
PCR, microarray experiments with overexpression or knockdown of miRNAs, or
pulsed stable isotope labeling with amino acids in culture (pSILAC) experiments
(Hsu et al. 2011). As a result, we identified 56 targets for the imported set of miR-
NAs, except for miR-454 and miR-624* that lack the experimentally validated targets
(Table 11.3). We assume that these miRNA targetome molecules are potentially up-
regulated in MS due to reduction of the corresponding miRNAs. From 56 targets, IPA
identified three molecular networks defined by “Gene Expression, Cell Cycle, and
Cellular Development” (p = 1E-27), “Cellular Movement, Cellular Development,
Cellular Growth and Proliferation” (p = 1E-22), and “Connective Tissue Disorders,
Genetic Disorder, Inflammatory Disease” (p = 1E-22). Importantly, they are en-
riched in the canonical pathway termed “Cell Cycle: G1/S Checkpoint Regulation”
(p = 4.12E-10; Fig. 11.4). Supporting these observations, previous transcriptome
studies of PBMC showed that the expression of cell cycle and DNA damage reg-
ulators is aberrantly regulated in MS, having possible relevance to development of
autoimmune T lymphocytes (Bomprezzi et al. 2003; Satoh et al. 2005).

11.6 Molecular Network Analysis of Proteome Data of MS

A previous study investigated a comprehensive proteome of MS brain lesions (Han
et al. 2008). Protein samples were prepared from small pieces of frozen brain tissues
derived from six MS patients isolated by laser-captured microdissection (LCM), and
their histopathology was classified into acute plaques (AP), chronic active plaques
(CAP), or chronic plaques (CP) based on the disease activity. They were then sepa-
rated on one-dimensional SDS-PADE gels, digested in-gel with trypsin, and peptide
fragments were processed for mass spectrometry analysis. Among 2,574 proteins
determined with high confidence, the INTERSECT/INTERACT program identified
158, 416, and 236 lesion-specific proteins detected exclusively in AP, CAP, and CP,
respectively. They found that five molecules, including tissue factor and protein C
inhibitor, involved in the coagulation cascade were enriched in CAP, and they play

file:www.targetscan.org
file:www.targetscan.org
http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5
http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5


244 J.-i. Satoh

Table 11.3 The list of 56 targets for microRNAs downregulated in the peripheral blood of MS

Enterez
gene ID

Gene symbol
of target

Gene name Corresponding
microRNA

Validation
methods

34 ACADM Acyl-Coenzyme A
dehydrogenase, C-4
to C-12 straight chain

hsa-miR-98 qRT-PCR

9949 AMMECR1 Alport syndrome,
mental retardation,
midface hypoplasia
and elliptocytosis
chromosomal region
gene 1

hsa-miR-98 qRT-PCR

351 APP Amyloid beta (A4)
precursor protein

hsa-miR-17-5p,
hsa-miR-106a

Luciferase reporter
assay, Western blot,
qRT-PCR

51742 ARID4B AT rich interactive
domain 4B
(RBP1-like)

hsa-miR-20b,
hsa-miR-106a

Luciferase reporter
assay

472 ATM Ataxia telangiectasia
mutated

hsa-miR-374a Immunoblot,
Luciferase reporter
assay, qRT-PCR

25805 BAMBI BMP and activin
membrane-bound
inhibitor homolog
(Xenopus laevis)

hsa-miR-20b Luciferase reporter
assay, qRT-PCR

659 BMPR2 Bone morphogenetic
protein receptor, type
II (serine/threonine
kinase)

hsa-miR-17-5p Luciferase reporter
assay, qRT-PCR,
Western blot

23468 CBX5 chromobox homolog 5
(HP1 alpha homolog,
Drosophila)

hsa-miR-98 qRT-PCR

1026 CDKN1A Cyclin-dependent
kinase inhibitor 1A
(p21, Cip1)

hsa-miR-20b,
hsa-miR-106a

qRT-PCR, Luciferase
reporter assay,
Western blot,
Microarray

1140 CHRNB1 Cholinergic receptor,
nicotinic, beta 1
(muscle)

hsa-miR-98 qRT-PCR

4850 CNOT4 CCR4-NOT
transcription
complex, subunit 4

hsa-miR-98 qRT-PCR

51232 CRIM1 Cysteine rich
transmembrane BMP
regulator 1
(chordin-like)

hsa-miR-20b Luciferase reporter
assay, qRT-PCR

23405 DICER1 Dicer 1, ribonuclease
type III

hsa-miR-374a Immunoblot,
Luciferase reporter
assay, qRT-PCR
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Table 11.3 (continued)

Enterez
gene ID

Gene symbol
of target

Gene name Corresponding
microRNA

Validation
methods

1869 E2F1 E2F transcription factor
1

hsa-miR-17-5p,
hsa-miR-98,
hsa-miR-106a

qRT-PCR, Western
blot, Luciferase
reporter assay,
Northern blot, Im-
munohistochemistry,
Microarray

1870 E2F2 E2F transcription factor
2

hsa-miR-98 Northern blot, Western
blot, qRT-PCR,
ChIP, Luciferase
reporter assay

2099 ESR1 Estrogen receptor 1 hsa-miR-20b Western blot,
qRT-PCR,
Luciferase reporter
assay

2308 FOXO1 Forkhead box O1 hsa-miR-27a qRT-PCR, Luciferase
reporter assay,
Western blot, Im-
munohistochemistry,
Northern blot

1647 GADD45A Growth arrest and
DNA-damage-
inducible,
alpha

hsa-miR-374a Immunoblot,
Luciferase reporter
assay, qRT-PCR

9759 HDAC4 Histone deacetylase 4 hsa-miR-140-5p qRT-PCR, Western
blot, Luciferase
reporter assay

3091 HIF1A Hypoxia inducible
factor 1, alpha
subunit (basic
helix-loop-helix
transcription factor)

hsa-miR-20b qRT-PCR, ELISA,
ChIP, Western blot

28996 HIPK2 Homeodomain
interacting protein
kinase 2

hsa-miR-27a qRT-PCR, Western blot

10114 HIPK3 Homeodomain
interacting protein
kinase 3

hsa-miR-20b,
hsa-miR-106a

Luciferase reporter
assay

8091 HMGA2 High mobility group
AT-hook 2

hsa-miR-98 Northern blot,
qRT-PCR

9987 HNRPDL Heterogeneous nuclear
ribonucleoprotein
D-like

hsa-miR-98 qRT-PCR

3586 IL10 Interleukin 10 hsa-miR-106a Luciferase reporter
assay, qRT-PCR

5655 KLK10 Kallikrein-related
peptidase 10

hsa-let-7f qRT-PCR, Luciferase
reporter assay,
ELISA

5653 KLK6 Kallikrein-related
peptidase 6

hsa-let-7f ELISA, Luciferase
reporter assay,
qRT-PCR



246 J.-i. Satoh

Table 11.3 (continued)

Enterez
gene ID

Gene symbol
of target

Gene name Corresponding
microRNA

Validation
methods

5601 MAPK9 Mitogen-activated
protein kinase 9

hsa-miR-17-5p qRT-PCR, Luciferase
reporter assay,
Western blot

4211 MEIS1 Meis homeobox 1 hsa-miR-98 qRT-PCR
140453 MUC17 Mucin 17, cell surface

associated
hsa-miR-20b Immunohistochemistry,

Microarray,
qRT-PCR

4609 MYC v-myc
myelocytomatosis
viral oncogene
homolog (avian)

hsa-miR-17-5p,
hsa-miR-98

Western blot,
Luciferase reporter
assay, Northern blot,
qRT-PCR, ChIP

29116 MYLIP Myosin regulatory light
chain interacting
protein

hsa-miR-20b,
hsa-miR-106a

Luciferase reporter
assay

4661 MYT1 Myelin transcription
factor 1

hsa-miR-27a Western blot,
Luciferase reporter
assay

8202 NCOA3 Nuclear receptor
coactivator 3

hsa-miR-17-5p,
hsa-miR-98

Luciferase reporter
assay, Northern blot,
qRT-PCR, Western
blot

5245 PHB Prohibitin hsa-miR-27a qRT-PCR, GFP
reporter assay,
Western blot

5468 PPARG Peroxisome
proliferator-activated
receptor gamma

hsa-miR-20b Luciferase reporter
assay, qRT-PCR

639 PRDM1 PR domain containing
1, with ZNF domain

hsa-let-7f Immunohistochemistry,
Luciferase reporter
assay, qRT-PCR,
Western blot

5925 RB1 Retinoblastoma 1 hsa-miR-106a Microarray, immuno-
histochemistry,
Immunohistochem-
istry, Western blot,
Luciferase reporter
assay

861 RUNX1 Runt-related
transcription factor 1

hsa-miR-106a Luciferase reporter
assay, qRT-PCR,
Western blot

27230 SERP1 Stress-associated
endoplasmic
reticulum protein 1

hsa-miR-98 qRT-PCR

6574 SLC20A1 Solute carrier family 20
(phosphate
transporter), member
1

hsa-miR-98 qRT-PCR

85414 SLC45A3 Solute carrier family
45, member 3

hsa-miR-126* Western blot,
Luciferase reporter
assay
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Table 11.3 (continued)

Enterez
gene ID

Gene symbol
of target

Gene name Corresponding
microRNA

Validation
methods

122809 SOCS4 Suppressor of cytokine
signaling 4

hsa-miR-98 Luciferase reporter
assay, Northern blot,
qRT-PCR, Western
blot

6667 SP1 Sp1 transcription factor hsa-miR-27a Western blot
6670 SP3 Sp3 transcription factor hsa-miR-27a Western blot
6671 SP4 Sp4 transcription factor hsa-miR-27a Western blot
10253 SPRY2 Sprouty homolog 2

(Drosophila)
hsa-miR-27a Immunohistochemistry,

Luciferase reporter
assay, Microarray,
qRT-PCR, Western
blot

6774 STAT3 Signal transducer and
activator of
transcription 3
(acute-phase
response factor)

hsa-miR-20b qRT-PCR, ELISA,
ChIP, Western blot

7057 THBS1 Thrombospondin 1 hsa-miR-17-5p,
hsa-miR-98

Microarray, qRT-PCR

7068 THRB Thyroid hormone
receptor, beta
(erythroblastic
leukemia viral
(v-erb-a) oncogene
homolog 2, avian)

hsa-miR-27a Luciferase reporter
assay, Northern blot,
Western blot

8742 TNFSF12 Tumor necrosis factor
(ligand) superfamily,
member 12

hsa-miR-17-5p Luciferase reporter
assay

11334 TUSC2 Tumor suppressor
candidate 2

hsa-miR-98 Luciferase reporter
assay, Western blot,
qRT-PCR

7422 VEGFA Vascular endothelial
growth factor A

hsa-miR-17-5p,
hsa-miR-20b,
hsa-miR-106a

ELISA, Luciferase
reporter assay

65986 ZBTB10 Zinc finger and BTB
domain containing 10

hsa-miR-27a Western blot,
Luciferase reporter
assay

677 ZFP36L1 Zinc finger protein 36,
C3H type-like 1

hsa-miR-98 qRT-PCR

10269 ZMPSTE24 Zinc metallopeptidase
(STE24 homolog,
S. cerevisiae)

hsa-miR-98 qRT-PCR

The set of 11 miRNAs whose expression is reduced in peripheral blood samples of 59 treatment-free
MS patients were imported into the miRTarBase to identify the miRNA targetome. The set of 56
experimentally validated targets are identified.
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Fig. 11.4 Molecular network of miRNA targetome of peripheral blood samples derived from 59
treatment-free MS patients. We studied the GEO data set GSE21079, composed of miRNA mi-
croarray analysis of peripheral blood samples derived from 59 treatment-free MS patients and 37
healthy controls. The set of 11 miRNAs downregulated in MS were imported into the miRTar-
Base to identify the miRNA targetome (Table 11.3). From 56 experimentally validated targets, IPA
identified three relevant molecular networks, which are enriched in the canonical pathway termed
“Cell Cycle: G1/S Checkpoint Regulation.” Red nodes indicate miRNA target genes potentially
upregulated in MS

a central role in molecular events ongoing in CAP. Furthermore, in vivo adminis-
tration of coagulation cascade inhibitors ameliorated EAE, supporting the view that
the blockade of the coagulation cascade would be indeed promising for treatment of
MS. However, nearly all proteins except the five molecules remain uncharacterized
in terms of their implications in MS brain lesion development.
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We studied molecular networks and pathways of the whole proteome set from
the Han’s data set by using KEGG, PANTHER, KeyMolnet, and IPA (Satoh et al.
2009b). KEGG and PANTHER indicated the relevance of extracellular matrix
(ECM)-mediated focal adhesion and integrin signaling to the CAP and CP proteome
sets. KeyMolnet by the N-points to N-points network-search algorithm disclosed a
central role of the complex interaction among diverse cytokine signaling pathways
in brain lesion development at all disease stages, as well as a role of integrin sig-
naling in CAP and CP. IPA identified the network constructed with a wide range of
ECM components, such as COL1A1, COL1A2, COL6A2, COL6A3, FN1, FBLN2,
LAMA1, VTN, and HSPG2, as one of the networks highly relevant to the CAP
proteome. Thus, four distinct tools commonly suggested a role of ECM and integrin
signaling in development of chronic MS lesions. These observations suggest that the
selective blockade of the interaction between ECM and integrin molecules in brain
lesions in situ would be a target for therapeutic intervention to terminate ongoing
events responsible for persistent inflammatory demyelination.

A recent study investigated a large-scale proteome of highly purified myelin and
axogliasome proteins isolated from surgically resected human white matter tissues
(Dhaunchak et al. 2010). The axogliasome is the specialized structure immediately
flanking the nodes of Ranvier, composed of the overlying and attached paranodal
loops. By multidimensional protein identification technology (MudPIT)-based mass
spectrometry analysis, they identified total 1,022 proteins, including 568 proteins
isolated exclusively from the compact myelin, 211 proteins only from the axoglia-
some, and 243 proteins from both fractions. By using the PANTHER database, they
found that cytoskeletal proteins and nucleic acid-binding proteins are more enriched
in the axogliasome, suggesting that cytoskeletal remodeling actively takes place in
this site.

The acute stage pathology of MS is characterized by inflammatory demyelina-
tion, resulting in substantial leakage of myelin constituents, such as myelin basic
protein (MBP), proteolipid protein (PLP), and myelin oligodendrocyte glycoprotein
(MOG), into the cerebrospinal fluid (CSF). They potentially serve as an autoantigen
that amplifies the immune response and these molecules and corresponding autoan-
tibodies are utilized as a biomarker for diagnosis of MS (Lamers et al. 1998; Lalive
et al. 2006). However, none of them are useful for accurate evaluation of MS disease
activity. We studied the molecular network of the whole set of 1,022 myelin and
axogliasomal proteins by using IPA. It identified the complex molecular network
defined by “protein synthesis, carbohydrate metabolism, RNA posttranscriptional
modification” (p = 1E-146). To identify a novel CSF biomarker candidate for detec-
tion of demyelination, the list of the proteins were filtered by evidence of detection
in the CSF supported by the knowledgebase of IPA. We identified a set of 74 CSF
biomarker candidate proteins (Table 11.4). They were enriched in three molecular
networks defined by “lipid metabolism, small molecule biochemistry, and cell-to-cell
signaling and interaction” (p = 1E-36), “cell death, posttranslational modification,
protein folding, and organismal injury” (p = 1E-33), and abnormalities, inflamma-
tory response, and cardiovascular disease (p = 1E-29; Fig. 11.5). It is possible that
even minor perturbation in neuronal–glial interactions causes uncoupling of the glial
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Table 11.4 The list of 74 CSF biomarker candidate proteins for detection of demyelination

Entrez
gene ID

Gene
symbol

Gene name Protein-isolated
fraction

39 ACAT2 Acetyl-CoA acetyltransferase 2 M
47 ACLY ATP citrate lyase M
102 ADAM10 ADAM metallopeptidase domain 10 M
161 AP2A2 Adaptor-related protein complex 2, alpha 2 subunit M
335 APOA1 Apolipoprotein A-I M
347 APOD Apolipoprotein D M
348 APOE Apolipoprotein E M
350 APOH Apolipoprotein H (beta-2-glycoprotein I) M
351 APP Amyloid beta (A4) precursor protein M
63827 BCAN Brevican M, Ax
718 C3 Complement component 3 M
721 C4B Complement component 4B (Chido blood group) M
821 CANX Calnexin M, Ax
22948 CCT5 Chaperonin containing TCP1, subunit 5 (epsilon) M
960 CD44 CD44 molecule (Indian blood group) M
966 CD59 CD59 molecule, complement regulatory protein M
1000 CDH2 Cadherin 2, type 1, N-cadherin (neuronal) Ax
1191 CLU Clusterin M, Ax
6900 CNTN2 Contactin 2 (axonal) M
1501 CTNND2 Catenin (cadherin-associated protein), delta 2

(neural plakophilin-related arm-repeat protein)
Ax

1508 CTSB Cathepsin B Ax
51596 CUTA CutA divalent cation tolerance homolog (E. coli) M
27122 DKK3 Dickkopf homolog 3 (Xenopus laevis) Ax
1937 EEF1G Eukaryotic translation elongation factor 1 gamma M
1984 EIF5A Eukaryotic translation initiation factor 5A M, Ax
2023 ENO1 Enolase 1, (alpha) M, Ax
2194 FASN Fatty acid synthase M
6624 FSCN1 Fascin homolog 1, actin-bundling protein

(Strongylocentrotus purpuratus)
M, Ax

2934 GSN Gelsolin M, Ax
3312 HSPA8 Heat shock 70 kDa protein 8 M, Ax
3303 HSPA1A Heat shock 70 kDa protein 1A M, Ax
3493 IGHA1 Immunoglobulin heavy constant alpha 1 M
3514 IGKC Immunoglobulin kappa constant M
93185 IGSF8 Immunoglobulin superfamily, member 8 M, Ax
3848 KRT1 Keratin 1 M, Ax
3849 KRT2 Keratin 2 M, Ax
3857 KRT9 Keratin 9 Ax
3939 LDHA Lactate dehydrogenase A M
3945 LDHB Lactate dehydrogenase B M
3956 LGALS1 Lectin, galactoside-binding, soluble, 1 Ax
4045 LSAMP Limbic system-associated membrane protein M
4062 LY6H Lymphocyte antigen 6 complex, locus H M
4190 MDH1 Malate dehydrogenase 1, NAD (soluble) M
4282 MIF Macrophage migration inhibitory factor

(glycosylation-inhibiting factor)
M, Ax

4684 NCAM1 Neural cell adhesion molecule 1 M, Ax
4897 NRCAM Neuronal cell adhesion molecule M
4974 OMG Oligodendrocyte myelin glycoprotein M, Ax
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Table 11.4 (continued)

Entrez
gene ID

Gene
symbol

Gene name Protein-isolated
fraction

11315 PARK7 Parkinson protein 7 M
27344 PCSK1N Proprotein convertase subtilisin/kexin type 1

inhibitor
M

10130 PDIA6 Protein disulfide isomerase family A, member 6 M
5037 PEBP1 Phosphatidylethanolamine binding protein 1 M, Ax
5315 PKM2 Pyruvate kinase, muscle M, Ax
5358 PLS3 Plastin 3 M
5478 PPIA Peptidylprolyl isomerase A (cyclophilin A) M, Ax
5500 PPP1CB Protein phosphatase 1, catalytic subunit, beta

isozyme
M

5052 PRDX1 Peroxiredoxin 1 M, Ax
7001 PRDX2 Peroxiredoxin 2 M, Ax
5589 PRKCSH Protein kinase C substrate 80K-H M
5621 PRNP Prion protein M
5660 PSAP Prosaposin M
6136 RPL12 Ribosomal protein L12 Ax
6193 RPS5 Ribosomal protein S5 M
6189 RPS3A Ribosomal protein S3A Ax
140885 SIRPA Signal-regulatory protein alpha M
6647 SOD1 Superoxide dismutase 1, soluble M
8878 SQSTM1 Sequestosome 1 Ax
7018 TF Transferrin M, Ax
7070 THY1 Thy-1 cell surface antigen M, Ax
7114 TMSB4X Thymosin beta 4, X-linked M
7345 UCHL1 Ubiquitin carboxyl-terminal esterase L1 (ubiquitin

thiolesterase)
M, Ax

7384 UQCRC1 Ubiquinol-cytochrome c reductase core protein I M
7425 VGF VGF nerve growth factor inducible M
7531 YWHAE Tyrosine 3-monooxygenase/tryptophan

5-monooxygenase activation protein, epsilon
polypeptide

M, Ax

7534 YWHAZ Tyrosine 3-monooxygenase or tryptophan
5-monooxygenase activation protein, zeta
polypeptide

Ax

The set of 1,022 human myelin (M) and axogliasome (Ax) proteins (Dhaunchak et al. 2010) were
filtered by evidence of detection in the CSF supported by the knowledgebase of IPA.

support of axons. Therefore, we classified CSF biomarker candidates into two groups
differentially expressed at the specialized myelin structures, i.e., ACAT2, ACLY,
CD59, FASN, LDHA, LDHB, LSAM, MDH1, PARK7, PLS3, PPP1CB, PSAP, and
VGF as a group of the compact myelin-derived biomarkers, and LGALS1, CTNND2,
CDH2, CTSB, KRT9, and 14–3-3ζ(YWHAZ) as a group of the axogliasome-derived
biomarkers (Table 11.4; Fig. 11.5). We assume that detection of the latter in the CSF
of MS patients reflects the very early sign of axonal damage. Importantly, these
molecules may serve as a novel encephalitogen that provokes the relapses of MS. It
is worthy to note that the levels of PARK7, alternatively named DJ-1, are significantly
elevated in the CSF of RRMS patients, and are correlated with the severity of the
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Fig. 11.5 Molecular network of human myelin proteome detectable in the CSF. By using IPA, we
identified a set of 74 CSF protein biomarker candidates (Table 11.4) from 1,022 human myelin
and axogliasome proteins identified by mass spectrometry (Dhaunchak et al. 2010). They were
enriched in three molecular networks defined by “lipid metabolism, small molecule biochemistry,
cell-to-cell signaling and interaction,” “cell death, posttranslational modification, protein folding,
and organismal injury,” and “abnormalities, inflammatory response, and cardiovascular disease.”
The molecular networks were merged by additional molecular relations colored by orange and
intervening white nodes. Pink nodes indicate the compact myelin proteins, while the most intense
red nodes (LGALS1, CTNND2, CDH2, KRT9, CTSB, and YWHAZ) indicate the axogliosomal
proteins, and other red nodes represent the proteins isolated from both fractions
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disease (Hirotani et al. 2008). The 14-3-3 proteins are detectable in the CSF of MS
patients presenting with severe inflammation-induced CNS tissue damage (Satoh
et al. 2003).

11.7 Concluding Remarks

Recently, the global analysis of the genome, transcriptome, proteome, and
metabolome promotes us to characterize the genome-wide molecular mechanisms of
MS. The identification of biomarkers responsible for the complex disease phenotype
of MS enables us to establish the molecular mechanism-based personalized therapy
of MS.As omics studies produce high-throughput experimental data, it often hampers
identification of the most important biological implications from the data. Recent
advances in bioinformatics and systems biology have made major breakthroughs
by illustrating the cell-wide map of complex molecular interactions with the aid of
the literature-based knowledgebase of molecular pathways. By molecular network
analysis of publicly accessible omics data with bioinformatics tools composed of the
knowledgebase, we identified the transcription factor Myb as a central player in the
MS risk SNP gene network, and found possible upregulation of cell cycle regulators
in the miRNA targetome network of MS peripheral blood, and characterized the
novel CSF biomarker candidates for detection of demyelination from the network
of the human myelin proteome. We also found that IFN-β R and NR of MS are
indistinguishable in view of gene expression signature of IFN-β-responsive genes in
PBMC. These observations suggest that molecular network analysis of large-scale
omics data provides a rational approach to establish the logical hypothesis of molec-
ular mechanisms underlying MS, and to identify molecular targets and biomarkers
for personalized therapy of MS.
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Chapter 12
Systems Biology for the Study of Multiple
Sclerosis

Pablo Villoslada and Lawrence Steinman

Understanding complex diseases such as multiple sclerosis (MS) requires the inte-
gration of information from different levels at various times. Key information that
must be integrated includes genetic background, environmental exposure, the state of
sensitization of the immune system, and the state of cross-talk between the immune
system and central nervous system (CNS). In order to achieve this goal, it will be nec-
essary to relate all cellular and molecular events to changes in the tissue and organs
and to map these changes on to imaging studies and on to assessment of the clinical
course. This represents a difficult challenge for brain diseases because of the practical
difficulties in obtaining accurate molecular and cellular information from the CNS
in different diseases. In the study of MS, cellular and molecular biology and the
new “omics” (genomics, transcriptomics, proteomics, lipidomics, metabolomics,
etc.) have identified possible pathways involved in the course of disease; yet
an integrative understanding of the pathogenesis is still lacking (Baranzini 2006;
Noorbakhsh et al. 2009).

Systems biology applied to MS aims to understand the pathobiology of the
disease as a process, from an integrative perspective, considering all paths involved
and including the dynamics of the events (Foster 2011; Barabasi et al. 2011;
Villoslada et al. 2009). For this reason, systems biology address problems by
integrating all data generated by clinical, imaging, cellular, and molecular biology
studies and using computational tools for modeling biological processes (Villoslada
et al. 2009). The integration of molecular data generated by “omics” studies in
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models of the disease pathogenesis, signaling pathways, and biological networks is
pursued in order to provide a physiological explanation of the findings and to relate
them across the different levels of biological complexity (genes, molecules, cells,
tissues, and the organisms) and, finally, to the clinical phenotype (Baranzini 2006;
Noorbakhsh et al. 2009; Villoslada et al. 2009; Villoslada and Baranzini 2012; Han
and Steinman 2009; Quintana et al. 2008). In this chapter, we review several attempts
at modeling the pathogenesis of MS using the most common tools from systems
biology such as network analysis or mathematical modeling. The review of previous
omics studies including genomics, transcriptomics, or proteomics studies, including
pathway analysis, is covered elsewhere in this book. For a detailed introduction to
the theory and concepts of systems biology and the possible applications to brain
diseases, we suggest our previous review (Villoslada et al. 2009).

Deciphering the pathogenesis of MS requires integrating in a comprehensive way
the knowledge about the role of immune activation, the generation of autoimmune
responses, the peripheral immune tolerance, the maintenance of the CNS immune
privilege, the immunopathology within the CNS, and the degeneration and regen-
eration of the CNS. In order to achieve such a goal, the main approaches are the
analysis of networks of the immune system and CNS and the modeling of its dy-
namics relating both the immune and nervous systems using computational tools
based on differential equations or algorithms (Quintana et al. 2008; Villoslada and
Oksenberg 2006; van der Greef et al. 2007). Although modeling biological process
by means of mathematical equations has been the basis of quantitative biology and
has provided significant success in some areas such as ecology, current application
to MS is still limited. For this reason and on the basis of the success of network
theory, the analysis of gene, protein, and pathway interactions may indicate com-
mon properties of optimal candidates to be targeted by therapy (Barabasi et al. 2011;
Barabasi and Oltvai 2004). In addition, understanding the emergent properties of a
system may help identify new targets that will be missed by a reductionist approach
(Kitano 2007).

Network biology has emerged as a powerful theory and tool to analyze large data
sets in novel ways (Barabasi and Oltvai 2004). Recent applications of this approach
have enabled a comprehensive view of the genetic landscape of human phenotypes
and diseases (Ideker and Sharan 2008; Goh et al. 2007; Schadt et al. 2009; Sieberts
and Schadt 2007). For example, identification of genetic similarities among complex
diseases, particularly autoimmune diseases, has been analyzed (Cotsapas et al. 2011;
Gutierrez-Achury et al. 2011; Zhernakova et al. 2009). Recently, the group of Sergio
Baranzini at UCSF has developed iCTNet (http://flux.cs.queensu.ca/ictnet), a new
analytical tool that allows integrating data from disparate sources (Wang et al. 2011).
iCTNet helps in indentifying relationships between diseases and genes and DNA and
proteins; among proteins, genes, and tissues; and between therapeutic drugs and their
targets were joined into a common database and visualized together in a network
environment (using Cytoscape, a popular software for network visualization). This
tool permits identifying patterns that may not be obvious, such as the extent of the
genetic similarity between MS and other autoimmune diseases, and the number of
MS-associated genes expressed in the brain.



12 Systems Biology for the Study of Multiple Sclerosis 259

Another approach focused on the properties that complex networks exhibit, such as
centrality (degree, clustering, betweenness, etc. (Barabasi and Oltvai 2004; Barabasi
et al. 2011)). A previous analysis assessed the centrality-related features of proteins
whose genes were differentially expressed (seed proteins) in MS with respect to their
protein neighbors, comparing the degree and the betweenness of these seed proteins
and its comparison to their neighbors in the human protein–protein interaction (PPI)
network (Goñi et al. 2008). The MS PPI network from blood tissue (Fig. 12.1a)
contains 28 out of the 42 seed proteins and 177 neighbors, forming a giant component
of 180 proteins. The MS PPI network from brain tissue (Fig. 12.1b) contains 38 out
of the 99 seed proteins and 96 neighbors, with a giant component of 109 proteins.
Accordingly, it was found that the degree and betweenness of seed proteins was lower
than that of the PPI neighbors, situating seed proteins in peripheral regions of the
network. The pathway analysis using gene ontology (GO) showed that such periph-
eral regions are distributed among many pathways, pointing toward heterogeneity of
the processes involved. Thus, these findings show differential centrality properties
of proteins whose gene expression is modulated in MS. Therefore, our results
support the application of therapeutic strategies other than those previously applied,
whereby only hubs that may compromise the robustness of networks were generally
searched (Barabasi and Oltvai 2004; He and Zhang 2006). This may be the case
of current immunomodulatory therapies for MS, such as interferon beta (IFN-beta)
that modulates multiple pathways to certain degree without significantly abrogating
certain hubs such as NFκB or p53, which are critical in the immune response.

Another network study aimed to identify causal relationship between key genes
controlling the T cell activation, differentiation, and effectors’ functions. We devel-
oped a network model of T cell activation in MS by integrating gene expression data
from 20 genes quantified by real-time polymerase chain reaction (PCR) in patients
and controls, with literature and coexpression information available at Ingenuity
database using Bayesian networks (Fig. 12.2) (Palacios et al. 2007). This approach
identified gene interactions (links within the network) that were upregulated or down-
regulated in MS, instead of single gene expression differences. Comparisons of the
gene interactions (links) between patients and control networks identified differences
suggestive of the involvement of common pathways as well as new therapeutic targets
such as Jagged-1 that were validated in vitro and in vivo thereafter. Also, the network
analysis was used for discovering and testing the efficacy of combination therapy. The
combination of the in vitro treatment with Jagged-1 peptide and IFN-beta revealed
gene interactions that were associated with the response of both therapies, suggesting
a synergistic efficacy. Thus, we can generalize from this approach that by performing
the comparison between cases and controls or before and after treatment, network
analysis allows to identify genes, gene interactions, cluster of genes or pathways asso-
ciated with the pathogenesis of the disease, or the response to therapy. This approach
can even be used to analyze the complexity of studying combination therapy.

As explained before, dynamic/mathematical models of biological process using
differential equations have been extensively used in biology. Such models benefit
from the precise mathematical analysis that allow very precise predictions, but they
are limited in the case of MS and many other complex diseases because of lack of
quantitative information from the majority of cellular and molecular events involved
as well as by the complexity of biological process that prevents simplification. Even



260 P. Villoslada and L. Steinman

Fig. 12.1 Protein–protein interaction (PPI) network in multiple sclerosis (MS). PPI network from
blood (a) and the central nervous system (CNS) (b) from patients with MS. PPI networks were
built on the basis of corresponding differentially expressed genes (seed genes) identified in gene
expression studies embedded in the human PPI network. Purple nodes indicate the seed proteins
with their names. Orange nodes indicate neighboring proteins belonging to the giant component.
Green nodes indicate neighbors that do not belong to the giant component. Visual inspection reveals
that seed proteins are not hubs and are located in the periphery of the network, which would have
implications for targeting the disease with new therapies. (Reproduced from Goñi et al. 2008)
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Fig. 12.2 Modeling T cell activation network for the study of multiple sclerosis (MS). a The
structural network (left) was obtained from coexpression analysis using the Ingenuity database.
The structural network has 20 genes and 50 links. Using the structural network as a template and
the experimental data set (gene expression levels of the 20 genes from 104 subjects quantified by
real-time polymerase chain reaction (PCR)), the T cell activation network was reconstructed (right).
The network contains 20 genes and 31 functional links. b Dependence matrix: the role of each gene in
every T cell activation function (antigen (Ag) presentation; Th1 differentiation; Th2 differentiation;
regulatory lymphocyte (Treg) function; migration) based on the topology of the network (a, right)
is displayed using the following color code: yellow, dual role (activator or inhibitor); green, full
activator; red, full inhibitor; white, no influence. Dependence matrix revealed that the topology of
the network maintains the relationship between genes defined by logic rules based on biological
knowledge. Comparison of the T cell activation network between MS patients and controls (c),
and untreated MS patients versus MS patients treated with IFN-beta (d). Comparisons between
gene interaction weights are described using the following color code: black, no change; green,
decreased; red, increased. The comparisons revealed differences in gene interactions in MS and in
response to therapy. (Reproduced from Palacios et al. 2007)

with these limitations, several models reproducing different aspects of MS patho-
genesis have been developed that can provide some insights on the pathogenesis
of MS (Broome and Coleman 2011; Velez de Mendizabal et al. 2011). As such,
we addressed the question of the dynamics of the disease. Relapsing–remitting
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(oscillatory) behavior is a hallmark of autoimmune diseases such as MS (Hauser
and Oksenberg 2006; Sospedra and Martin 2005). At the clinical level, the presence
of relapses defines the subtypes of MS. At the pathological level, a relapse is the
result of an acute inflammatory process within the CNS, which produces myelin
and axonal damage and impairs neural conduction, leading to clinical symptoms.
It is not known what triggers relapse onset, although one-third of the relapses are
preceded by common infections or stressful events (Buljevac et al. 2002, 2003).
Understanding the biological basis of relapses in MS may have implications for im-
munotherapy. In autoimmune diseases, the balance between the proinflammatory
response and regulatory factors is disrupted: antigen-specific effector T cells (Teff)
are overactivated, whereas the function of regulatory lymphocytes (Treg) is altered
(Martin et al. 1992; Viglietta et al. 2004; Martinez-Forero et al. 2008), indicating
impairment of peripheral tolerance. It could be expected that this impaired immune
response would produce a chronic inflammatory process leading to a progressive
clinical course. However, in MS and other autoimmune diseases, the predominant
behavior is oscillatory, with periods of T cell activation and tissue damage followed
by deactivation and repair. We have postulated that the relapsing–remitting behav-
ior of the autoimmune response is intrinsic to the design of the immune system,
with several control mechanisms providing a negative feedback that tightly controls
T cell activation (Velez de Mendizabal et al. 2011). Mathematical models predict
that cross-regulation of Teff and Treg cells generates a stable oscillatory dynamic
of both populations that not only maintains homeostasis in health but also promotes
relapsing–remitting flares under autoimmune conditions (Velez de Mendizabal et al.
2011; Leon et al. 2001; Carneiro et al. 2007). On the basis of model simulations,
we found that peripheral immune tolerance, defined in the model as the capacity
to suppress or cap the activation of effector T cells, is an emergent property of the
Teff–Treg cross-regulation (Fig. 12.3). This indicates that the Teff–Treg loop is a
powerful control module that regulates the adaptive immune system when activated
by stochastic environmental factors. A pathological dynamic regime of the Teff–
Treg loop created a pulsing dynamic in which the expansion of the Teff population
transiently escapes control of the Treg population, creating the relapses typical of
autoimmune diseases such as MS. In the model, relapses mainly arise because of
the failure in the Treg response and were mainly driven by stochastic process that
may correspond either to thymic production of new self-reacting T cells or because
of random sporadic infections. Interestingly, the frequency of such stochastic events
was not the main factor producing relapses, but the severity in the dysfunction of
the Teff–Treg cross-regulation was the main factor responsible for relapse frequency
and severity. This finding can explain why the relapse activity in patients with MS
is quite stable during the relapsing–remitting phase, because it would mainly de-
pend on the dysfunction of the immune system. This, however, makes relapses very
difficult to predict. Also, we modeled the effect of a therapy aimed to increase the
activity and number of Treg cells. We found that depending on the doses and timing
of such interventions, the outcome deviated from beneficial to even detrimental be-
cause of a rebound effect in the immune response (Velez de Mendizabal 2011). In
summary, modeling biological process involved in the pathogenesis of MS process
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Fig. 12.3 Modeling the peripheral immune tolerance of autoimmune T cells in MS. a Graphical
representation and the equations of the T cell cross-regulation model as described in Velez de
Mendizabal et al. (2011). Simulation of the time course of the number of myelin oligodendrocyte
glycoprotein (MOG)-specific effector T cells (Teff; red) or regulatory lymphocytes (Treg; blue)
cells in the spleen after immunization in healthy state (b) and in autoimmune state (c). In both
cases, cell populations oscillate, but in the case of MS simulations, peaks of Teff escape from
the negative feedback of Treg and would translate to target tissue (central nervous system (CNS))
inflammation and clinical relapses

provides a theoretical framework for the understanding of the pathogenesis of MS
or for predicting the response to immunotherapies.

Another promising area provided by systems biology is the study of networks
dynamics. Although this area still requires significant development of the theory
and tools, the case of chemical network reactions (CNR) is pioneering the develop-
ment of this approach. The study of metabolites (metabolomics) and its reactions
(metabonomics) or fluxes (fluxomics) has been developed by biochemistry for more
than one century. Metabolism is in the basis of the functioning of all cell functions
and, although less popular in the recent years than macromolecules such as DNA or
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proteins, there are suitable tools for its analysis in detail. This is based on characteri-
zation of metabolites, enzymes, and the reaction kinetics based on Michaelis–Menten
equilibrium that permits studying the metabolic dynamics in detail. The introduction
of the CNR theory and several mathematical tools for managing significant amounts
of metabolic reactions provide a framework for modeling in detail the metabolic
pathways related with the pathogenesis of complex diseases (Conradi et al. 2005;
Martinez-Forero et al. 2010). The analysis of the metabolism may provide signif-
icant insights for MS considering that several metabolites have been implicated in
the pathogenesis of the disease or as therapies for treating MS. We have abundant
evidence for this with fumarate, kynurenines, and methylthioadenosine (Linker et al.
2011; Moreno et al. 2006; Platten et al. 2005). Then, the use of metabolomics tools
for discovering metabolites associated with MS in combination with metabolomic
analysis using CNR analysis is providing a new avenue for improving our understand-
ing of the disease. Moreover, CNR analysis can be applied not only to metabolomics
but also to the field of cell signaling, considering that phosphorylation of signaling
molecules is a biochemical reaction involving kinases and phosphatases as enzymes
and signaling molecules as substrates. Following the CNR theory, we have devel-
oped a model of type 1 interferon (IFN) pathway. Type 1 IFN are involved both in the
pathogenesis of the MS as well as in the therapy because of the use of IFN-beta for
treating patients with MS (Comabella et al. 2009a, b; O’Doherty 2007). The model of
type 1 IFN pathway contains seven reactions (Eq. 1), modeling the phosphorylation
of STAT1 and STAT2 in order to activate IFN-responding elements (ISRE), which
mediate the gene expression pattern triggered by type 1 IFN (Fig. 12.4).

x·1 = −k1x1x2 + k2x3 + k6x7 − k7x1x4 + k8x5

x·2 = −k1x1x2 + k2x3 + k3x3

x·3 = k1x1x2 − k2x3 − k3x3

x·4 = k3x3 − k4x4x6 + k5x7k7x1x4 + k8x5 + 2k9x5

x·5 = k7x1x4 − k8x5 − k9x5

x·6 = −k4x4x6 + k5x7 + k6x7

x·7 = k4x4x6 − k5x7 − k6x7

(12.1)

x1 JAK protein
x2 STAT1
x3 JAK–STAT1 complex
x4 Phosphorylated STAT1
x5 Unphosphorylated STA1–phosphorylated STAT1
x6 Complex phosphatase
x7 Phosphorylated STAT1–phosphatase complex

The solution at equilibrium shows a bistable state in which the pathway can be either
switched on or off (Fig. 12.4c, d), which is critical for defining the activation of
the cells in response to IFN-beta. This behavior is not obvious because in a linear
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Fig. 12.4 Type 1 interferon (IFN) pathway analysis using chemical network reactions (CNR).
a The type 1 IFN pathway signals through STAT1–STAT2, PI3K, and MAPK-P38 pathways in
order to activate IFN-responding elements (ISRE) and/or gamma-IFN-activated sequence (GAS)
transcription factors that mediate the gene expression pattern triggered by IFNs. b The model
is composed of seven reactions modeling STAT1 activation (phosphorylation). JAK protein = x1;
STAT1 = x2; JAK–STAT1 complex = x3; phosphorylated STAT1 = x4; unphosphorylated STA1–
phosphorylated STAT1 complex = x5; phosphatase = x6; and phosphorylated STAT1–phosphatase
complex = x7. c Bifurcation diagram for total STAT (c1) and phosphorylated STAT1 (x4): by raising
the levels of STAT1, the systems switch from low (off) to high (on) levels of phosphoSTAT1,
indicating the activation of the type 1 IFN pathway. d Equilibrium solution of the CNR model of
type 1 IFN pathway, where c1, c2, and c3 represent total STAT, total JAK, and total phosphatase,
respectively

model we would expect a direct rise of ISRE levels based on the number of IFN-
beta molecules binding to the receptor. However, biological studies as well as our
model support the concept that signaling pathways are able to analyze the signal
and provide a qualitative response such as activating the gene and protein response
to type 1 IFN. Bistability and other properties of complex dynamics in networks of
reactions provide the building blocks for cells to analyze the environment and adapt
to it by producing a response such as changes in gene expression. Therefore, this kind
of quantitative model can be used for measuring the kinetics of signaling pathway
in order to obtain functional information of its activity in health and disease and in
response to therapy.
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In conclusion, the conjunction between the high-throughput generation of data
by omics technologies applied to MS, as well as the realization that a reductionist
approach may not be sufficient to provide a clear explanation for the pathogenesis of
complex diseases such as MS, has motivated the interest in applying systems biology
for the study of the disease. However, systems biology still requires development of
new theories and models of complex biological systems, identification of almost all
the molecules and pathways participating in the disease, as well as the development
of new computational tools for managing this amount of complex data in order to
obtain knowledge from information. Models used in systems biology will be useful if
they are applied to answer well-defined questions that a reductionist approach cannot
approach and for which data and theoretical framework are available. Here, we have
provided some examples of several approaches in this direction, probing that they
provide new insights in the disease that would not be captured with previous methods.
However, we need to recognize that answers provided by systems biology models are
limited at present because the field still requires development of new theories, tools,
and access to quantitative data. Overall, different approaches for dynamic analysis
of MS offer the opportunity for integrating quantitative and temporal information
and provide a theoretical framework for explaining the pathogenesis of MS.
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Chapter 13
Checkpoints in the Development of Pathogenic
and Regulatory T Cells in Experimental
Autoimmune Encephalomyelitis—A Basis
for Current and Future Interventions in MS

Denise C. Fitzgerald and Stephen M. Anderton

13.1 Introduction

Given the relative inaccessibility of the target tissue—the Central Nervous System
(CNS)—to experimental exploration, a wide range of in vivo experimental mod-
els are employed to study multiple sclerosis (MS), each of which affords particular
suitability to studying different aspects of the disease. Individual models exhibit sim-
ilarities to different types of histopathological lesions (type I–IV) described in MS
(Lucchinetti et al. 1996, 2000). Most commonly, rodent models are used with mice
being the most frequent choice, due in part to the range of reagents and genetically
modified (GM) lines available as well as the reduced cost and breeding time of this
species compared to larger mammals. While this chapter will primarily focus on the
range of experimental autoimmune encephalomyelitis (EAE) models, it is important
to summarise other approaches taken to model CNS demyelination. Aside of EAE,
which will be discussed in detail later, three other main categories of models are fre-
quently used: toxin-induced demyelination, viral-induced demyelination and genetic
manipulation resulting in de-/dysmyelination. These models have been reviewed in
depth elsewhere (Uschkureit et al. 2000; Matthews et al. 2002; Oleszak et al. 2004;
Ercolini and Miller 2006; Blakemore and Franklin 2008; Kipp et al. 2009).

Several toxins have been used to induce demyelination experimentally including
cuprizone, lysolecithin and ethidium bromide. Feeding of cuprizone, a copper-
chelating agent induces demyelination in a number of CNS regions; however, it
is most frequently studied in the corpus callosum (Carlton 1966, 1967; Hoffmann
et al. 2008; Torkildsen et al. 2008; Skripuletz et al. 2010). Partial remyelination can
be detectable by 3 weeks post-feeding and as such, this model is particularly useful
for studies investigating concurrent de- and re-myelination (Stidworthy et al. 2003;
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Armstrong et al. 2006; Lindner et al. 2008). Lysolecithin and ethidium bromide are
injected directly into CNS tissue and induce focal lesions of demyelination, which
also exhibit remyelination in general; however, this occurs subsequent to the process
of demyelination (Yajima and Suzuki 1979; Woodruff and Franklin 1999; Blakemore
and Franklin 2008). These distinct phases of de- and re-myelination facilitate studies
on individual mechanisms at play in each process. In general, there is a localised
immune response to toxin-induced demyelination, dominated by infiltrating mono-
cyte/macrophage and microglial reactivity (Pavelko et al. 1998; Remington et al.
2007). However, in contrast to EAE models, immunopathogenesis is not thought to
be a feature of demyelination in these models, rather, the immune response appears
to be important for efficient resolution and repair of the lesion in toxin-induced CNS
demyelination (Pavelko et al. 1998; Kotter et al. 2001; Setzu et al. 2006; Li et al.
2005).

Demyelination can be induced following infection of mice with a range of viruses
including Theiler’s Murine Encephalitis Virus, Mouse Hepatitis Virus (MHV) and
Semliki Forest Virus (Croxford et al. 2002; Bender and Weiss 2010; Fazakerley
2004). These models are useful for interrogating the hypothesis of a viral basis
to MS. For example, MHV infection results in acute encephalitis within a week
post-infection, which generally resolves but is followed by chronic demyelination
up to a month later (Bender and Weiss 2010). This type of experimental model
facilitates investigations of pre-disposition of individuals to CNS demyelination by
viral infection early in life, resulting in delayed onset of demyelinating illness later in
life. Mechanisms of demyelination induced by viruses can be studied by molecular
manipulation of viral strains. For example, Das Sarma et al. showed that mutation of
the gene encoding the spike protein of MHV rendered this virus nondemyelinating
despite the fact that it retained the capability to induce hepatitis and encephalitis
(Das et al. 2000). Such studies allow detailed dissection of viral mechanisms of
demyelination in the CNS.As the aetiology of MS remains unknown, and indeed may
vary in different groups of patients, utilisation of these differing types of experimental
models in testing of potential MS therapies can increase the chance of translation to
the clinic as well as reveal mechanistic aspects of potential therapeutics in different
pathological settings.

The most commonly used model of the inflammatory component of MS is EAE.
Arising as it did from a human clinical scenario over a century ago, EAE is the
prototypic animal model of autoimmune disease, provoked by immunisation with
defined myelin autoantigens and transferrable to nonimmunised syngeneic animals
with CD4+ T cells. However, there are now a variety of experimental options avail-
able to the investigator, from the straightforward immunisation of standard laboratory
strains of mice with autoantigen plus complete Freund’s adjuvant (CFA) to more
complex GM models that can develop spontaneous disease (Krishnamoorthy et al.
2006; Pollinger et al. 2009). These more complex models also include humanised
mouse models involving the combined transgenic expression of a T cell receptor
(TCR) derived from an MS patient, the relevant HLA class II molecule and hu-
man CD4 (Madsen et al. 1999). EAE can follow a range of clinical courses from
acute/monophasic, through relapsing–remitting to chronic–progressive, depending
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on the precise model used. The same model can also show different courses in
different laboratories. This variety allows different questions to be asked, such as
what triggers resolution of acute disease and what drives relapses? It also allows the
efficacy of potential drugs to be tested in different phases of disease.

13.2 Cellular Interactions Leading to Antimyelin Immunity
in the Periphery—An Outline

The standard protocol for the active induction of EAE involves immunisation with
myelin autoantigen in CFA (Stromnes and Goverman 2006a). Myelin-reactive CD4+
T cells become activated in the draining lymph nodes in response to peptide MHC
class II complexes presented on the surface of antigen-presenting cells (APC). This
provides “signal 1” for T cell activation (ligation of the TCR). Signal 2 is provided
by costimulation. Classically, costimulation is the interaction of CD28 on the T cell
with CD80/CD86 on the APC, but full signal 2 is now appreciated to involve a tem-
poral dialogue between the T cell and theAPC involving several receptor/ligand pairs
(Sharpe 2009). Interruption of this process through blockade of a variety receptors or
ligands can disrupt T cell activation and prevent/abrogate EAE (Grewal 1996; Perrin
et al. 1999; Weinberg et al. 1999). Signals 1 and 2 act in concert to drive clonal
expansion of the myelin-responsive T cells, but the qualitative function of those cells
(the inflammatory mediators they secrete and cell surface molecules they express) is
shaped by “signal 3”, the cytokine milieu generated chiefly by the APC (these will
be discussed further in the following text). Signal 3 is, in turn, shaped by “signal 0”,
activation of the APC via pattern recognition receptors (PRRs) that bind to pathogen-
associated molecular patterns (PAMPs). This also strengthens signals 1 and 2. CFA
contains heat-killed mycobacterium tuberculosis, which provides a range of PAMPs
for APC activation. Incomplete Freund’s adjuvant (IFA) lacks mycobacteria and the
lack of sufficient APC activation means that autoantigen in IFA is not a successful
immunogen for EAE induction. Because CFA contains so many PAMPs, a series
of studies have attempted to clarify the minimal requirements for APC activation
leading to EAE. These have either used gene knockout mice lacking individual PRR,
notably toll-like receptors (TLR; Kerfoot et al. 2004; Miranda-Hernandez 2011),
or have substituted CFA for more defined microbial products, known to stimulate
individual (or a more limited set of) TLR (Segal et al. 2000; Visser 2005; Wolf et al.
2007). The rationale for these studies clearly is to identify novel target pathways
for therapy. However, although some success has been reported with more limited
adjuvants, these have not been adopted widely for EAE induction and data on the sus-
ceptibility of individual TLR knockout mice to EAE are often contradictory between
investigators.

The dendritic cell (DC), armed with a battery of PRRs and the capacity to greatly
increase provision of signals 1–3, is viewed as the key initiating APC for T cell
immunity. Experimental manipulation of DC functions is therefore an area of intense
interest. The search goes on for a “tolerogenic DC”, either naturally occurring, or the
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result of manipulation in vitro or pharmacological modification in vivo (Steinman
et al. 2003). This includes comparative analyses of plasmacytoid DC versus myeloid
DC. A series of reports have described successful prevention or amelioration of
EAE by targeting DC (Hawiger et al. 2004; Loschko 2011). It must also be noted
that other APC can also play key early roles in modulating T cell clonal expansion
and function during EAE development, including B cells (see the following text),
macrophages and subsets thereof. The fact that different APC populations (B cells
vs. DC/macrophages) can show different cytokine responses to the same PAMP
(Lampropoulou et al. 2008) is likely to be of importance when considering when and
how it might be best to therapeutically intervene in autoimmune disease by targeting
signal 0.

Although activated APC provide costimulation to boost T cell responses, they can
also keep clonal expansion in check through coinhibition. The classical coinhibitory
molecule is CTLA-4 (Lenschow et al. 1996), a homolog of CD28 that also binds to
CD80/86. Further control is provided by iPD-1, which binds to PD-L1 and PD-L2
(Francisco et al. 2010). Both CTLA-4 and PD-1 are upregulated on the surface of
T cells following TCR stimulation and serve as brakes on clonal expansion and, in
the case of PD-1, cytokine production. Manipulations of each of these pathways
can modify the development of EAE (Hurwitz et al. 1997; Carter et al. 2007).
The components of the initial priming phase of EAE outlined in the previous text
can therefore be interrogated to therapeutic effect, limiting either the size of the
myelin-responsive T cell cohort generated, or its functional quality.

The experiments that identified EAE as a CD4+ T cell- mediated disease used T
cell clones cultivated from Lewis rats that had been immunised with myelin basic
protein (the host rats were unimmunised, receiving only an infusion of T cells; Ben-
Nun 1981). This approach is now widely adopted in mouse passive transfer models,
usually with a brief (3–5 days) in vitro TCR stimulation in the presence of a selected
cytokine cocktail (Stromnes and Goverman 2006b). These approaches are often used
when studying the effects of gene deficiency; i.e., placing gene-deficient T cells into
wild-type hosts and vice versa. Given that the donor animals for these experiments
are still immunised with autoantigen in CFA, the complex in vivo cellular interactions
outlined above can still have a strong bearing on the eventual clinical outcome. This
complication can be circumvented using TCR transgenic mice, from which naive T
cells can be isolated and TCR stimulated in vitro for the first time in the presence
of defined cytokines. However, the net effect of either active or passive EAE is to
provide a cohort of autoaggressive T cells in the circulation. Their next task is to
enter the CNS.

13.3 Leukocyte Migration—Traversing the Blood–Brain
Barrier (BBB)

In order to reach the target organ in EAE and MS, autoreactive T cells must exit lymph
nodes and transmigrate across the BBB or blood–CSF barrier into the CNS via the
CNS microvasculature. As the CNS is an immunologically specialised site with tight
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regulation of immune responses relative to other parts of the body, such cellular mi-
gration involves highly regulated and complex processes. Studies of EAE have helped
to shed light on many molecular aspects of these sequential processes and indeed,
greatly supported the development of therapeutic candidates that interfere with T cell
migration to the CNS. Such migration is a coordinated process involving expression
of chemokines, chemokine receptors, adhesion molecules and factors that increase
the permeability of the BBB. The first oral therapy for MS, fingolimod (Gilenya®),
targets the first phase of this process. By binding sphingosine-1-phosphate receptors
on lymphocytes, fingolimod limits lymphocyte egress from lymph nodes. An earlier
therapeutic, natalizumab (Tysabri®) binds to and blocks the α4β1 integrin on the
surface of lymphocytes, a molecule that is required for adhesion to endothelial cells
to facilitate BBB transmigration. By blocking this interaction, lymphocyte migration
into the CNS is inhibited. Both these therapies exemplify how leukocyte migration
to the CNS can be inhibited for therapeutic gain and will be discussed in greater
detail later.

Activated lymphocytes are recruited from the bloodstream to the CNS via
chemokine gradients, however, circulating lymphocytes must first slow down to
facilitate chemokine–chemokine receptor interactions. Endothelial cells are criti-
cal to this process of drawing lymphocytes from the swift flow of the bloodstream.
Upon activation by inflammatory stimuli such as cytokines (e.g., TNF-α), endothelial
cells express high levels of cell adhesion molecules such as ICAM-1 and VCAM-1.
These cell adhesion molecules bind dimeric molecules of integrin family expressed
on lymphocytes such as LFA-1 and VLA-4, thereby drawing them from the rapid
flow of the blood stream (reviewed in (Engelhardt 2006)). Arrest and attachment
of lymphocytes to the endothelium in the face of the shear forces of blood flow is
accomplished by high-avidity binding between these cell adhesion molecule part-
nerships. Indeed, such may be the avidity of binding that lymphocytes have recently
been shown to be capable of crawling against the direction of blood flow at the BBB
in EAE (Bartholomaus et al. 2009). However, the type of EAE model used influences
the rolling behaviour of such cells as in vitro-activated encephalitogenic T cells can
abruptly cross the BBB without the need for rolling (Vajkoczy et al 2001). This
is likely due to differential activation status of in vitro and in vivo primed T cells
resulting in different patterns of cell adhesion molecule expression.

Adherence of lymphocytes to BBB endothelia facilitates efficient lymphocyte de-
tection of local chemokines, which serves to augment lymphocyte tethering and
eventual diapedesis. T cell subsets express distinct chemokine receptors and as
such the profile of chemokine production influences the type of T cell popula-
tion that is recruited at a particular site. For example, Th1 cells predominantly
express the chemokine receptors CXCR3 and CCR5, which bind the chemokines
CXCL9/CXCL10/CXCL11 and CCL3/CCL4/CCL5, respectively, while Th17 cells
express CCR6, which recognises CCL20 (Bromley et al. 2008). In response to adhe-
sion molecule and chemokine signalling, lymphocytes can migrate across endothelia
in the CNS tissue either via paracellular or transcellular routes. Paracellular migration
of lymphocytes in EAE involves disruption of endothelial tight junctions by dephos-
phorylation or relocalisation of tight junctional proteins such as ZO-1 and occludin
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(Bennett 2010; Morgan et al. 2007). Conversely, in transcellular lymphocyte migra-
tion, interendothelial tight junctions remain intact as lymphocytes migrate directly
through endothelial cells into the CNS tissue. Transcellular migration appears to be
more common at the BBB than at other anatomical sites; such maintenance of BBB
tight junction integrity may serve to maximise the highly selective permeability of
this important barrier (reviewed in (Engelhardt and Wolburg 2004)). Once through
the BBB, myelin-specific lymphocytes orchestrate and potentiate local inflamma-
tory responses as a result of reactivation by local antigen presentation. In EAE, the
type and location of inflammatory lesions and immune cell infiltration is heavily
influenced by the T lymphocyte phenotype.

13.4 Heterogeneity of Demyelinating Lesions in EAE

In MS, there is considerable lesion heterogeneity (Lucchinetti et al. 1996, 2000) and
a criticism of EAE is that such heterogeneity is not a feature of any single model.
This is a valid criticism of individual models. However, EAE is now a range of
models that collectively recapitulate some of the lesion variability observed in MS
such as anatomical distribution, cellular composition and importance of antibody in
immunopathogenesis.

Recently, it has emerged that the helper T cell phenotype, or more specifically the
ratio of Th1:Th17 cells influences the predominant anatomical site of lesion devel-
opment. Stromnes et al. (2008) used varying myelin epitopes to generate models of
EAE in which lesions occurred in anatomically restricted sites. Myelin oligodendro-
cyte glycoprotein (MOG)(35–55) and MOG(79–90) induced lesion development in the
spinal cord but not in the brain and presented clinically as ascending flaccid paralysis,
which is considered “classical/typical” EAE. However, MOG(97–144) induced lesions
in the brain rather than spinal cord and presented clinically as “nonclassical/atypical”
EAE characterised by ataxia, proprioceptive impairment and hyper-reflexia. Using
cytokine-polarised models of adoptively transferred EAE, it was shown that Th1
cells predominantly induce spinal cord lesions and classical EAE while Th17 cells
induced inflammation in the brain with relative sparing of the spinal cord, resulting in
nonclassical/atypical EAE. Furthermore, it was shown that the ratio of Th17 to Th1
cells was critical to the development of brain lesions. Using the MOG epitopes that in-
duce spinal cord lesions and classical EAE in active immunisation, these investigators
showed that brain lesions and nonclassical/atypical EAE could actually be induced
with these antigens when the Th17:Th1 ratio was > 1. These studies showed that the
balance, rather than the absolute number of Th17 and Th1 cells, influences the site
of lesion development in the CNS. Another dichotomous feature of Th1- and Th17-
biased EAE models is lesion composition. Lesions in IL-12-driven Th1-biased EAE
feature monocyte infiltration and a dominance of activated macrophages. However,
lesions in IL-23-driven Th17-biased EAE preferentially show recruitment of neu-
trophils. In both cases, distinct chemokine expression profiles in lesions accounted
for the differential immune cell recruitment (Kroenke et al. 2008).
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Recent developments in modelling CNS inflammatory demyelination have ex-
panded the repertoire of EAE to models with strong B cell/autoantibody involvement,
an aspect that is a prominent feature of MS lesions but limited in classical murine
EAE models induced with short myelin peptides. Krishnamoorthy et al. developed
a novel double transgenic mouse model of EAE, which spontaneously developed
CNS lesions and clinical disease similar to opticospinal MS (Devic’s disease, neu-
romyelitis optica; Krishnamoorthy et al. 2006). This model features T and B cell
autoreactivity to MOG(35–55) and MOG protein, respectively, and lesions consisted
mainly of CD4+ T cells, macrophages and eosinophils with a low presence of B220+
B cells and CD8+ T cells (Krishnamoorthy et al. 2006). More recently, Pollinger et al.
reported a TCR transgenic mouse model that also exhibits both T and B cell autore-
activity (Pollinger et al. 2009). These mice express a TCR specific for MOG(92–106)

and develop spontaneous, relapsing–remitting EAE. Critically, disease did not de-
velop in B cell-depleted mice and autoantibodies generated in this transgenic model
potentiate demyelinating episodes. Mice developed inflammatory lesions in several
CNS sites such as the spinal cord, cerebellum and optic nerve, which consequentially
presented with differing clinical signs as discussed earlier. Lesions mainly consisted
of CD4+ T cells, B cells and activated macrophages and both demyelination and
axonal destruction occurred.

In this very limited set of models discussed, a wide range of heterogeneous aspects
of CNS inflammatory demyelination can be investigated, such as multiple anatomi-
cal sites of lesions, pathology driven by individual T cell subsets and B cells, effector
mechanism of tissue destruction induced by macrophages, neutrophils, eosinophils or
CD8+ T cells and the role of autoantibodies in potentiating demyelination. Models
of EAE in other species and indeed other murine models expand the heterogene-
ity of lesion development and clinical disease and as such, collectively, represent
a valuable research tool for inflammatory demyelinating diseases. Indeed, murine
EAE has, in recent years, facilitated major advances in our fundamental knowledge
of immunology, particularly CD4+ T cell biology and this has, in turn, advanced
our understanding of autoimmune mechanisms in CNS inflammatory demyelina-
tion. Much of this discovery arose from apparent paradoxical findings in studies
investigating the functions and requirement of specific cytokines in murine EAE

13.5 The Effects of Genetic Manipulation on the Development
of the Pathogenic T Cell Cohort—Towards a Working
Model

Although standard laboratory strains of rat are susceptible to EAE, for many years,
the study of murine EAE was confined to the specialist labs that held the “unusual”
strains of mice required (SJL, PL/J, B10.PL, Biozzi/ABH). This limited progress
into the essential immune genes required for the development of EAE, because
gene-deficient mice are routinely generated in the H-2b strains, C57BL/6 and 129.
In 1995, this limitation was removed by the description by Ben-Nun’s group of the
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typical clinical signs of EAE in H-2b mice that had been immunised with the 35–55
peptide of MOG(35–55) (Mendel et al. 1995). Since then, the increase in reports on
EAE sensitivity of gene-deficient mice has been exponential, with often startling
results that have forced major revisions of our view of the pathogenic and protective
processes that underlie the development and resolution of the disease. The most
striking of these revisions involved a sea change in the view of the pathogenic T
cell subset from Th1 to Th17. Although this is covered in more details elsewhere
(Chaps. 1 and 3), it warrants reiteration here as it leads us to a working model for
the generation and evolution of the pathogenic T cell response with implications for
therapeutic intervention.

The end-stage cellular agents of EAE pathology (i.e., those cells that directly
damage the myelin sheath and kill oligodendrocytes) are activated mononuclear
phagocytes; the resident microglia and/or infiltrating inflammatory macrophages.
Macrophage depletion experiments performed by Celia Brosnan and Barry Bloom
suggested this some three decades ago (Brosnan et al. 1981) and the subsequent
work of Christine Dijkstra cemented this view (Huitinga et al. 1990, 1995). IFN-γ
is a key cytokine capable of activating macrophages and it therefore made perfect
sense for CD4+ T cells of the Th1 type to be the orchestrators of EAE pathology.
Indeed, many studies have reported the passive transfer of EAE with Th1-like cells. It
therefore came as some surprise when IFN-γ−/− and IFN-γR−/− mice were reported
to develop EAE of greater severity, rather than to be protected from EAE as was
predicted (Willenborg et al. 1996). Despite this, mice lacking the p40 chain of IL-
12, or treated with a neutralising anti-p40, were protected from EAE (Segal et al.
1998). The first step in understanding this disconnect between the need for the Th1-
promoting IL-12 to drive disease and the need for the Th1 signature cytokine IFN-γ to
promote resolution of EAE came from the realisation that p40 is not only a component
of IL-12, but also the related cytokine IL-23 (Oppmann et al. 2000). Based on this, a
seminal study by Dan Cua performed the necessary comparison of EAE susceptibility
in p40−/− mice (lacking both IL-12 and IL-23), p35−/− mice (lacking IL-12, but
not IL-23) and p19−/− mice (lacking IL-23, but not IL-12). Resistance to EAE was
seen in p40−/− and p19−/−, but not in p35−/−, leading to the conclusion that it is
IL-23 and not IL-12 that is essential for EAE development (Cua et al. 2003). This
was supported by similar reports that p35 was dispensable for EAE development
(Becher et al. 2002; Gran et al. 2002).

How IL-23 contributes to EAE was not unearthed by that study, and this remains
the subject of active investigation (see the following text), but the next advance
was to implicate IL-23 in the generation of Th17 cells. Although IL-17 had been
reported some years earlier (interestingly, as a cytokine that could be produced by
Th1 cells), Cua’s group suggested that a separate lineage of CD4+ cells existed that
could produce IL-17, but not IFN-γ, under the influence of IL-23 and that such T
cells (first termed ThIL-17 cells, later shortened to Th17) were more efficient than
Th1 cells at transferring EAE (Langrish et al. 2005). Subsequent work has shown that
IL-23 is in fact not the key driver of IL-17 production and Th17 differentiation, this is
a function of IL-6-driven, STAT-3-dependent expression of the RORγt transcription
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factor (Korn et al. 2009). One consequence of this is the de novo expression of IL-
23R, which is not expressed on naive CD4+ T cells, and therefore Th17 cells are
acutely sensitive to IL-23. This can enhance their ability to produce IL-17, but also
has other effects, including improving their capacity for migration into the tissues.
Alternative roles for IL-23 shall be revisited later.

So by this stage, the paradigm had switched from EAE being a Th1-mediated
disease to a Th17-mediated. This made some sense based on the accumulating data
from studies of gene knockout mice using the MOG(35–55). These data had shown
that lack of IL-6, ROR-γt and IL-23 all resulted in resistance (Samoilova et al.
1998; Cua et al. 2003; Ivanov et al. 2006). Moreover, neither IFN-γ nor IL-12
(both intimately associated with Th1 responses) were required; in fact disease is
exacerbated/nonremitting in the absence of IFN-γ-signalling and, to a lesser extent,
when IL-12 is absent (Willenborg et al. 1996; Cua et al. 2003). A simple interpretation
of this would be that Th17 differentiation is exaggerated in the absence of IFN-γ or
IL-12 (both of which have been shown to inhibit Th17 responses; Korn et al. 2009).
This is most likely an oversimplification, however. IFN-γ has complex effects on
immune responses, such as boosting T cell sensitivity to apoptotic signals. It should
also be noted that p35−/− mice, originally described as specifically lacking IL-12,
also lack IL-35. This novel cytokine (a heterodimer of p35 and EBI3) has been
implicated in immunosuppressive function of Foxp3+ Treg (Collison et al. 2007).
Although a protective role for IL-35 in EAE has yet to be reported, this possibility
should be considered when interpreting previous data using p35−/− mice. Another
contradiction to the idea that Th17 cells and not Th1 cells were the key mediators
of EAE comes from reports that T-bet, the master regulator transcription factor of
Th1 cell function, is required for EAE pathology (Bettelli et al. 2004). Furthermore,
using passive transfer models, it has been reported that Th17 cells in which T-bet
expression is suppressed by RNA interference have an impaired pathogenic function
(Yang et al. 2009). T-bet has many genetic targets, but the two most pronounced
effects are upregulation of IFN-γ (not required for EAE) and the chemokine receptor
CXCR3. Again, a simple explanation for the need for T-bet would be that Th17
cells need to upregulate CXCR3 to enter the CNS. However, CXCR3 expression is
generally viewed as a Th1-amplification mechanism, allowing cells to migrate to sites
of existing Th1 inflammation. Where would this come from in the CNS of a mouse
that received Th17 cell transfer? Moreover, CXCR3 is not absolutely required for
EAE development (Liu et al. 2006a; Sporici and Issekutz 2010), and other studies
have suggested a (controversial) role for Th17-associated receptor CCR6 in CNS
entry via the choroids plexus (Elhofy 2009; Liston et al. 2009; Reboldi et al. 2009).

Therefore, our current knowledge cannot easily explain a requirement for T cell
expression of T-bet in the processes that ultimately leads to EAE pathology. However,
together with a series of important observations, this demands a reconsideration of
the description of EAE as a “Th17-mediated disease”. First, highly pure Th1 cells are
perfectly capable of transferring aggressive pathology (O’Connor et al. 2008). Sec-
ond, IL-17 is not required for development of EAE (Haak et al. 2009). Third, many
authors favour focusing on the relatively low numbers of CD4+ T cells producing
IL-17 in the inflamed CNS (and the effects of experimental manipulation thereof),
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often choosing to ignore the larger population that produces IFN-γ, rather than IL-17.
At this stage, it is also worth noting that the IFN-γ+ IL-17+ cells are also seen in the
CNS and these have been suggested to be the most potently autoaggressive T cells.
Fourth, the most efficient passive EAE models often supplement the in vitro cultures
prior to cell transfer with the Th1-driving cytokines IL-12 and IL-18 (O’Connor
et al. 2008). We reported that highly pure Th17 cells, generated in vitro from naive
myelin basic protein (MBP)-responsive TCR transgenic T cells by exposure to MBP
in the presence of TGF-β, IL-6 and IL-23, were only poorly pathogenic in contrast to
their Th1 counterparts. This may have been a consequence of the use of suboptimal
“Th17 conditions”, as a more effective protocol was subsequently reported (Jager
et al. 2009). However, using either Th17 protocol, the interesting observation was
that, when Th17 cells could transfer disease, those cells showed evidence of a dif-
ferentiation away from IL-17 production towards IFN-γ production (O’Connor et al.
2008). The idea of Th17→Th1 “transdifferentiation” was subsequently strengthened
by reports from in vitro studies and perhaps most clearly shown in a T cell transfer
model of autoimmune diabetes (in that model the de novo production of IFN-γ was
required for disease development; Bending et al. 2009).

A clearer picture of this process has recently been presented by Gitta Stockinger’s
group, using an elegant fate-mapping technology in which IL-17 expression renders
cells identifiable by flow cytometry (Hirota et al. 2011). The striking observation
was that, following immunisation for EAE induction, the majority of T-bet+ and
IFN-γ+ cells had previously expressed IL-17. This was already true in the lymph
nodes by the time clinical signs of EAE were evident, but became exaggerated in
the inflamed CNS. Therefore, this technology revealed that cells that would have
been considered as Th1 cells had passed through a phase of Th17-like activity. What
drives this process is not fully clear as yet, but it was not observed in a more acute
inflammation driven by infection.

However, neither IL-17 nor IFN-γ is required for EAE (Willenborg 1996, Haak
et al. 2009). Are there additional T cell-derived factors that had so far been over-
looked and could a key role be identified for IL-23 in driving their production? Mice
lacking GM-CSF were shown to be resistant to EAE over a decade ago (McQual-
ter et al. 2001) and it was later shown that CD4+ T cells were the critical cellular
source of pathogenic GM-CSF (Ponomarev et al. 2007). Given the importance of
inflammatory macrophages to the aetiopathology of EAE and the role of GM-CSF
in the mobilisation and recruitment of these cells, this was not a surprising result.
Two recent reports, however, have focused on the relative pathogenicity of CD4+
T cell subsets based on their profile of GM-CSF production relative to IFN-γ and
IL-17 production. GM-CSF-deficient T cells cannot transfer disease and both Th1
and Th17 cells can produce GM-CSF. Moreover, T cells that produced GM-CSF
but not IL-17 or IFN-γ were shown to be highly pathogenic upon transfer, resulting
in accelerated onset and increased severity compared to Th1- or Th17-driven EAE
(Codarri et al. 2011). Of note, culture conditions that maximised T cell production of
GM-CSF at the expense of IFN-γ and IL-17 were found to require IL-23. GM-CSF
also appeared to enhance IL-23 production by innate immune cells and this could
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Fig. 13.1 Generating the pathogenic CD4+ T cell population in EAE—a model. Myelin-responsive
T cells are initially activated in the lymph nodes draining the site of immunisation. CFA promotes
IL-6 production by innate immune cells, driving STAT3-dependent RORγt expression and leading
to IL-17 production (not required for EAE) and IL-23R expression (required). T cells begin to lose
IL-17 production and gain T-bet expression (required, but function uncertain), leading to expression
of IFN-γ (not required) and CXCR3 (not required). Exposure to IL-23 (required) promotes T cell
ability to enter the CNS (key molecules uncertain—CCR6?) and to produce GM-CSF (this latter
effect may be boosted by further exposure to IL-23 within the CNS). GM-CSF recruits and activates
macrophages/microglia to form the EAE lesions. T cells can be deliberately driven to produce high
levels of GM-CSF (Codarri et al. 2011). However, Th1 and Th17 cells can also make GM-CSF.
This would explain why all three populations have been shown to be encephalitogenic in passive
transfer models of EAE

therefore allow a positive feedback mechanism to develop in the inflamed CNS (El-
Behi 2011). In contrast, both IFN-γ and IL-12 were found to lower, but not totally
ablate GM-CSF production (Codarri et al. 2011). These observations now allow a
reconciliation of the data showing that either Th1 or Th17 cells can be pathogenic
on transfer, because both these populations can produce GM-CSF and, in the case
of Th17 cells, this is greatly enhanced by prolonged exposure to IL-23.

These recent reports now allow us to develop a working model for the progression
towards pathogenic T cell function and clinical in EAE following immunisation with
myelin autoantigen in CFA as follows (Fig. 13.1):



280 D. C. Fitzgerald and S. M. Anderton

1. Antigen presentation in the draining lymph nodes triggers naive myelin-respon-
sive T cells.

2. PAMPs present in the CFA drive APC production of IL-6, this drives STAT3-
dependent RORγt expression, leading to IL-17 production (not required) and
IL-23R expression (required).

3. T cells begin to lose IL-17 production and gain T-bet expression (required, but
function uncertain), which drives expression of IFN-γ (not required) and CXCR3
(not required).

4. Exposure to IL-23 (required) promotes T cell ability to enter the CNS (key
molecules uncertain—CCR6?) and to produce GM-CSF.

5. GM-CSF draws macrophages into the CNS to establish the inflammatory lesion.

Clearly, there are gaps that need to be filled in this model, for example, the exact
role of T-bet and the key molecules required for entry into the CNS. On this latter
point, the importance of α4 integrin was described some years ago in EAE, leading
to the development of natalizumab/Tysabri, which can be a highly potent treatment
for MS. Recent work in EAE has suggested that Th1 cells are more likely to use α4
integrin with Th17 cells more reliant on LFA-1/ICAM1 interactions (Rothhammer
et al. 2011).

13.6 T Cell-mediated Regulation of EAE

The evidence for T-cell-mediated immune regulation in EAE stretches back to
Swanborg’s early work and we have recently reviewed the field from the histori-
cal perspective (O’Connor and Anderton 2008). Here, we shall therefore restrict
ourselves to discussing some advances in understanding of the immunoregulation of
EAE over the past decade.

13.7 Regulation During the Induction Phase of EAE

The key regulatory T cell population essential for immune homeostasis is, of course,
the Foxp3+ CD4+ Treg population (Wing and Sakaguchi 2010). These arise as a
fraction of preformed natural (n)Treg during thymic development or can be induced
(iTreg) from Foxp3− naive T cell precursors in vivo, or in vitro. As discussed in the
following text, there is clear evidence of that Foxp3+ Treg accumulate in the inflamed
CNS and positively influence in the natural resolution of EAE. However, it seems that
the balance between these and the autoaggressive T effector cell population is very
precise (Anderton 2010). Thus, if the effector response is too strong, the Treg are
unable to resolve the inflammation leading to chronic degenerative disease to which T
cells might not be required to contribute (Hoehlig et al. 2012). By extension, the idea
that early, and often subtle, alterations in the quality and magnitude of the T effector
response can have gross effects on the long-term disease outcome has some credence.
Clearly, Treg are present within the lymph nodes during the priming phase of EAE
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and have the opportunity to limit the size of the encephalitogenic T cell cohort at this
point. Indeed, one of the effects of pertussis toxin on the EAE was proposed to be a
transient reduction in Treg, thereby enhancing the initial expansion of the pathogenic
T cell cohort (Cassan et al. 2006). Furthermore, deliberate depletion of Treg before
EAE induction causes severe/nonresolving disease (McGeachy et al. 2005). There is
evidence that autoantigen-responsive Treg are activated in the lymph node, although
a little later than their pathogenic counterparts (Korn et al. 2007). Treg are not the
only cells able to influence the early expansion of the pathogenic T cell population.
B cells will be discussed in the following text and in more detail elsewhere (Chap. 5),
as are NKT cells and mucosal-associated invariant T cells (Chap. 6).

13.8 Therapeutic Use of Foxp3+ Treg in EAE

Early experiments transferring very high numbers of Treg (sorted as CD4+ CD25+
cells) from naive donors into host mice immediately prior to immunisation showed
some protection against EAE, but not if the donor Treg were from IL-10−/− mice
(Zhang et al. 2004). A series of studies have compared the transfer of polyclonal
Treg with myelin antigen-responsive Treg (either nTreg or iTreg derived from TCR
transgenic mice) and have found that the latter are far more potent on a per cell basis
(Selvaraj and Geiger 2008; Stephens et al. 2009; O’Connor et al. 2010). Although
there is evidence that myelin-responsive Treg can “cure” ongoing EAE (Stephens
et al. 2009), the relative difficulty in tracking these cells after transfer makes it
uncertain that they are acting to directly suppress inflammation in the CNS, rather
than having an (undefined) effect in the periphery that promotes resolution. Many
recent studies using existing drugs or novel therapeutic compounds have associated
positive effects on EAE with a shift in the Treg/T effector cell balance towards the
Treg.

13.9 Treg in the CNS During the Natural Resolution
of Acute EAE

Treg are essentially absent from the CNS of healthy mice and appear at only very low
frequencies during the first phases of clinical EAE. There is then a rapid accumulation
of highly activated and suppressive Treg specifically within the CNS (not mirrored
in the peripheral lymphoid organs), which correlates with entry into the resolution
phase (McGeachy et al. 2005, O’Connor et al. 2007). Mice depleted of Treg do not
recover (McGeachy et al. 2005), indicating an obligate role for Treg in the resolution
process. TGF-β, the key cytokine required to drive Foxp3 expression in naive T
cells to generate iTreg, is available in the CNS and one study suggested that effector
T cells could differentiate into iTreg in the CNS (Liu et al. 2006b). However, no
other study has provided any evidence for such a process. Rather, the Foxp3+ cells
that accumulate in the CNS appear to be from a pre-existing nTreg pool, based on



282 D. C. Fitzgerald and S. M. Anderton

differential cell transfer studies and epigenetic analysis (Korn et al. 2007; O’Connor
et al. 2012).

Whether CNS Treg are truly suppressive has been questioned, with the sugges-
tion that the pro-inflammatory environment within the CNS during EAE (notably,
high levels of IL-6 and TNF-α) can abrogate their suppressive function (Korn et al.
2007). However, Treg from the inflamed CNS are highly capable of suppressing
pro-inflammatory cytokine production by CNS T-effector cells in vitro, a suppres-
sive function that “resting” Treg, taken from healthy mice, are not able to perform
(McGeachy et al. 2005; O’Connor et al. 2007). A further complicating issue is the
idea that Foxp3+ Treg can be prompted to transdifferentiate in vitro, losing Foxp3
expression and gaining the ability to produce pro-inflammatory cytokines. This is
particularly notable in the presence of IL-6 when splenic nTreg from healthy mice
can develop the ability to produce IL-17, analogous to that seen with Th17 devel-
opment from naive Foxp3− T cells. The use of Foxp3 reporter mice allowed the
isolation of highly pure Foxp3+ and Foxp3− CD4+ populations from the CNS dur-
ing EAE. TCR stimulation revealed that while Foxp3− cells could produce a range
of pro-inflammatory cytokines, Foxp3+ cells could not (but could produce IL-10).
Moreover, when exposed to IL-6 in vitro, CNS Treg did not switch on production
of IL-17 (O’Connor et al. 2012). The IL-6 receptor is a heterodimer of the IL-6Rα

chain (CD126) and the gp130 chain, which is responsible for STAT3- phosphory-
lation and intracellular signalling. While naive T cells expressed both CD126 and
gp130, all CNS CD4+ T cells were found to have lost expression of CD126 and gp130
(O’Connor et al. 2012). This therefore explained why CNS Treg could not be driven
to produce IL-17 by exposure to IL-6. Thus, despite being in a highly inflammatory
environment, CNS Treg seem to be locked in suppressive mode and do not deviate
towards a pathogenic function. This is, of course, desirable. Furthermore, Foxp3−
cells were also insensitive to IL-6. Whether this process was involved in their relative
loss of IL-17 production is unknown, but it is likely that IL-17 production could be
maintained on T effector cells in the CNS by their sustained expression of the IL-23R
(which is not expressed by Treg). The lack of sensitivity to IL-6 in CNS T cells makes
it difficult to see how the previously proposed role of IL-6 in preventing CNS Treg
from functioning could actually work at the T cell level (Korn et al. 2007). Of note,
however, innate immune cells in the CNS do maintain IL-6 receptors, so it remains
possible that IL-6 might exert effects via these cells.

The above observations on IL-6 receptor expression fit well with data from pre-
vious studies using antibody blockade of IL-6 signalling in EAE. These showed that
blockade was highly effective at preventing EAE when given for the first week after
immunisation (i.e., when T cells express IL-6 receptors) but did not modulate on-
going EAE (when CNS T cells have lost their IL-6-sensitivity; Serada et al. 2008).
These blocking data would therefore also suggest no major role for IL-6 signalling
in CNS innate immune cells. Taken together, the key time for IL-6 to impact on
EAE seems to be at the initial point of T cell differentiation after immunisation. Al-
though one study has concluded that the major effect of IL-6 at this point is to ensure
generation of autoantigen-responsive Th17 cells (rather than autoantigen-responsive
iTreg; Korn et al. 2008), IL-6 would also be needed to drive IL-23R and maximise
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GM-CSF production (Fig. 13.1). Despite these recent advances in understanding
the functional stability of CNS Treg, the key question—precisely how do CNS Treg
actually lead to the resolution of EAE—remains unanswered.

13.10 B Cells As a Source of Cytokines Modulating CNS
Autoaggression

B cells can produce autoantibodies and despite the inability to transfer EAE with
serum or purified autoantibodies alone, such transfer can exaggerate pathology pri-
marily driven by CD4+ T cells, particularly when using demyelinating antibodies
directed against MOG (Linington et al. 1988). However, B cells can also influence
pathology in other ways (Berer et al. 2011), notably by acting as APC (Weber et al.
2010) and by being a major source of cytokines, which can modulate the T cell
response. B cell-deficient mice are not protected from EAE. In fact, these mice show
an exacerbated, non-remitting clinical profile (Wolf 1996; Fillatreau et al. 2002).
Development of a novel bone marrow chimeric technology that allows restriction of
gene deficiency to only the B cell compartment identified that to allow the natural
resolution of EAE B cells needed to produce IL-10 (Fillatreau et al. 2002). To identify
the time at which B cells were required, Tedder’s group administered B cell-depleting
antibodies at different stages of the disease (Matsushita et al. 2008). Consistent with
the studies in B cell-deficient mice, B cell depletion at an early time point led to non-
remitting disease. In contrast, depleting B cells once disease was established did
not exaggerate the disease, but instead accelerated resolution. More recent data have
indicated that in addition to producing IL-10, B cells can also be an important source
of IL-6 (Lampropoulou et al. 2008). They are not an essential source because mice
in which only B cells cannot make IL-6 do still develop EAE, but the disease is less
severe in these mice (Barr et al. 2012). In addition, the late-stage depletion of B cells
does not accelerate recovery in these mice. B cell depletion has proved remarkably
successful as a therapy in some MS patients. B cells from MS patients showed ele-
vated IL-6 production compared to healthy controls and this difference was removed
in patients whose B cell population had recovered, post-depletion (Barr et al. 2012).
This ability of B cells to contribute an inflammatory cytokine may therefore go some
way to explain the paradoxical observation that B cell depletion can be clinically
effective without significant loss of autoantibody titres (Hauser et al. 2008). The full
scope of pro-inflammatory cytokines that might be produced by B cells in a range of
inflammatory contexts therefore warrants investigation. An obvious contradiction in
the B cell IL-6 story is that, as described in the previous text, T cells in the CNS are
insensitive to IL-6 and IL-6 blockade does not modulate ongoing disease. Therefore,
this also requires further investigation.
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13.11 B Cells and Treg—Working in Series or in Parallel?

Mice can therefore show exacerbated, non-remitting pathology in the absence of
either Treg, or IL-10-producing B cells (McGeachy et al. 2005; Fillatreau et al.
2002). This begs the question, do these two immune populations interact to deliver a
coordinated regulatory function? B cell-deficient mice do show a reduced frequency
of Foxp3+ cells in their peripheral CD4+ T cell compartment (Hoehlig et al. 2012).
Moreover, mice transgenic for B cell activation factor of theTNF family (BAFF) show
an elevated Treg frequency, a phenomenon that was reported to be dependent on the
presence of B cells, rather than BAFF acting directly on the Treg population (Walters
et al. 2009). However, there is no reduction in the ability of Treg to accumulate within
the CNS in B cell-deficient mice (Hoehlig et al. 2012). Dittel’s group has reported
that B cells do play a role in the expansion/maintenance of the Treg population
through expression of B7 (Mann et al. 2007) and, more recently, GITR (Ray et al.
2012). However, this idea contrasts with studies from the groups of Tedder and
Fillatreau, which both concluded that there was a requirement for B cells and Treg
in controlling EAE, but that these were essentially separable (Hoehlig et al. 2012;
Matsushita et al. 2010). B cell-derived IL-10 was required at an early stage, to
limit the initial expansion of pathogenic T cells, whereas Treg function in the CNS
was important later, to drive the resolution of inflammation in the target organ.
These insights provide impetus for the design of new therapeutic options to boost
the immunoregulatory function of these two independent, but apparently synergistic,
lymphocyte populations.

13.12 Development and Mechanistic Investigation of MS
Therapies in EAE Models

EAE has been used to test the therapeutic efficacy of a wide range of agents over sev-
eral decades. A criticism frequently levelled against the use of EAE in MS research is
that the vast majority of agents that have successfully ameliorated EAE have failed to
translate to the clinic (Sriram and Steiner 2005). However, it is important to note that
most of the current pharmacologic/biologic therapies for MS were either developed,
or have since been shown to be effective, in EAE. Steroids have been used for several
decades to treat exacerbations of MS (Durelli et al. 1986), a therapeutic approach
that is also effective in EAE. Indeed, subsequent studies of steroid administration
in EAE models have contributed to our understanding of mechanisms of action of
steroids in inflammatory disease (Schmidt et al. 2000; Chen et al. 2006; Donia et al.
2010). Mitoxantrone is used as a second-line therapy for aggressive MS and has also
demonstrated efficacy in EAE (Ridge et al. 1985).

In 1993, Interferon-β (IFN-β) became the first approved drug specifically indicated
for MS (Connelly 1994), however, at that time, its mechanism of action was poorly
understood. IFN-β has since been shown to suppress EAE in a number of models and
associated mechanisms including inhibition of pro-inflammatory cytokines such as
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IL-6, IL-17 and IL-18 as well as upregulation of anti-inflammatory cytokines such
as IL-10, IL-4, TGF-β and IL-27 (Yasuda et al. 1999; Guo et al. 2008; Galligan et al.
2010; Sweeney et al. 2011). IFN-β has also been shown to inhibit effector T cell
proliferation in EAE as well as the function of APC (Galligan et al. 2010; Prinz et al.
2008). Recent studies have demonstrated a dichotomy in the types of EAE that are
responsive to IFN-β therapy. Axtell and colleagues identified a protective effect of
IFN-β in EAE that was driven by Th1-biased immunopathology while Th17-biased
EAE was exacerbated by IFN-β (Axtell et al. 2010). In 2012, Inoue showed that only
EAE that is induced via the NLRP3 inflammasome is sensitive to IFN-β therapy
(Inoue et al. 2012). These EAE studies may inform some of the reasons that only a
subset of MS patients respond to IFN-β clinically and aid patient stratification for
strategic therapeutic decision making.

EAE has also been used to identify agents to take forward to clinical trials for
MS. In 1996, Glatiramer acetate (GA) became the second type of therapeutic agent
that was approved for MS treatment. This compound consists of a polymer of amino
acids found in MBP and was originally developed to induce EAE. However, GA
was found to potently suppress EAE and was taken through to clinical trials for
MS. Its mechanisms of action are not completely understood but shifts in CD4+ T
cell polarisation from pathogenic Th1/Th17 phenotypes towards immunoregulatory
Th2/Th3/Treg responses have been shown (Aharoni et al. 1997, 2008; Begum-Haque
et al. 2008). Effects of GA on APC have also been reported and it had been suggested
that binding of MHC II on APC by GA inhibits the orchestration of pathogenic
effector T cells’ responses. Modulation of cytokine production by GA-treated APC,
such as increased IL-10 and TGF-β and decreased IL-12p70 has also been proposed
to mediate its suppressive effect on autoimmune inflammation (Jung et al. 2004;
Weber et al. 2007).

Natalizumab represents another MS therapy that was developed using EAE mod-
els. Natalizumab is a monoclonal antibody that binds α4β1 integrin on the surface
of lymphocytes, thereby inhibiting adhesion to endothelial cells via VCAM-1 (Rice
et al. 2005). By inhibiting this interaction, transmigration of T lymphocytes across
the BBB is blocked, which effectively inhibits the development of inflammatory le-
sions in the CNS resulting in a reduction in relapse rate by approximately two-thirds.
The use of natalizumab clinically is hampered by the risk of the development of
JC virus- induced Progressive Multifocal Leukoencephalopathy, a potentially fatal
CNS infection (Vermersch et al. 2011). Notwithstanding this limitation, the concept
of blocking migration of inflammatory T cells across the BBB into the CNS was
a paradigm that could readily be tested and demonstrated potent efficacy in EAE
models (Yednock et al. 1992).

The most recently approved and first-in-class oral therapy for MS, Fingolimod,
was initially developed for its immunomodulatory effects in transplantation. How-
ever, in a rat model of acute EAE, Fujino et al. demonstrated potent suppression
of clinical EAE when fingolimod was administered from the time of immunisation
(Fujino et al. 2003). Webb et al. went on to test fingolimod in the SJL models of
relapsing–remitting EAE and observed potent suppression of clinical disease when
administered after disease onset (Webb et al. 2004), a critical aspect for translational
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consideration. As fingolimod binds sphingosine-1-phosphate receptors in vivo, it
inhibits lymphocyte egress from lymph nodes, which is thought to be the primary
mechanism of action of this drug. However, studies in EAE have also pointed towards
previously unappreciated additional functions of fingolimod such as neuroprotection
(Rossi et al. 2012) and other in vitro and in vivo models have provided evidence of
a beneficial effect of fingolimod in oligodendrocyte lineage cell protection and pos-
sibly CNS remyelination although this is currently contentious (Miron et al. 2010;
Kim et al. 2011; Hu et al. 2011).

Despite the criticism of the low translational rate of therapeutically effective agents
in EAE to the clinic (Sriram and Steiner 2005), it is important to bear in mind that all
seven FDA-approved treatments for MS (three variants of IFN-β, GA, mitoxantrone,
natalizumab and fingolimod) have been shown to effectively suppress clinical disease
in EAE models. Translation of therapeutic successes in EAE models can be impeded
by the relative cost of human clinical trials, particularly when one considers the
complexities of decisions regarding stages of interventions, dosing and testing new
candidate drugs in add-on trials, given the ethical implications of access to approved
treatments. Such variables are easily tested in the EAE models at a fraction of the
cost and mechanistic and pathological insight can be gained to a level of detail
not currently possibly in human studies. The most crucial aspect that will ensure
appropriate use of this range of models to develop future therapies for MS is the
continual refinement and characterisation of these models such that researchers can
select the model and mode of treatment most suitable to the question being asked.
With this approach, inherent limitations of the model can be accounted for such that
overinterpretation of findings is minimised.
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Chapter 14
Modeling MS in Nonhuman Primates

Bert A. ’t Hart, S. Anwar Jagessar, Krista Haanstra, Yolanda S. Kap
and Jon D. Laman

Essentially, all models are wrong, but some are useful.

Quote from: Box G.E.P. & Draper N.R. Empirical Model-Building

and Response Surfaces (1987) p. 424.

14.1 Introduction

The classical role of the immune system is to detect and eliminate foreign or-
ganisms, such as microbial infection, while at the same time the system should
not respond against the body itself (Mills 2011). This implies that the antigen-
sensing and -presenting cells (APC) should have the capacity to detect a few
foreign antigens within a sea of self-antigens. For this vital task, APC are equipped
with conserved pattern-recognition receptor families (PRR), such as Toll-like re-
ceptors (TLR). TLR detect conserved molecular structures on pathogens, named
pathogen-associated molecular patterns (PAMPS), and tissue-damage signals asso-
ciated with self-antigens, named danger-associated molecular patterns (DAMPS, or
alarmins). Nonresponsiveness is at least, in part, regulated by the interaction of
C-type lectin receptors (CLR) with carbohydrates expressed on self-antigens. Con-
ceptually, the integration of immune-activation signals received by dendritic cell
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(DC) via TLR with immune-inhibitory signals received via CLR determines whether
the DC will mature and induce immunity or remain immature and induce tolerance
(Geijtenbeek et al. 2004; ’t Hart and van Kooyk 2004). Although this theoretical
model is likely wrong in its simplification, it has been useful for the modeling of MS
in nonhuman primates.

14.2 Animal Models of MS

It is widely accepted that the risk to develop MS is determined by a combina-
tion of inherited and environmental factors, including bacterial or viral infection,
which in susceptible individuals may induce the activation of autoreactive T and
B cells. Genome-wide association (GWA) studies support an important influence
of the immune system on MS as essentially all MS risk genes encode cellular im-
mune functions, with the major histocompatibility complex (MHC) as strongest
association. Three concepts for the infection–autoimmunity relationship prevail: (1)
molecular mimicry, being cross-reaction of T and/or B cells activated by a pathogen
with look-alike epitopes of self-antigens; (2) bystander activation, being induction
of autoreactive T cells by pathogen-activated APC; and (3) pathogen persistence, as
in the Theiler virus model of encephalitis (Fujinami et al. 2006). Although each of
these mechanisms is supported by data from animal models, there is no undisputed
evidence that they are indeed relevant for MS.

The elected animal model for MS, experimental autoimmune encephalomyelitis
(EAE), has been seriously criticized (Sriram and Steiner 2005; Ransohoff 2006).
Indeed, many therapies fail to reproduce the promising activity observed in EAE
models, when they were tested in MS patients, illustrating the difficulty to extrapo-
late pathogenic mechanisms observed in EAE to MS. On the other hand, it cannot
be ignored that the EAE model has helped the development of several treatments for
relapsing-remitting MS (RRMS) (Steinman and Zamvil 2005, 2006). Well-known
examples are the anti-α4β1 integrin antibody natalizumab, the random polymer glati-
ramer acetate (copaxone), or the cytokine interferon-β (for review, see Lopez-Diego
and Weiner 2008).

The use of only a few selected inbred and very clean (Specified Pathogen Free;
SPF) mouse or rat strains at young-adult age and with limited antigenic experience,
and often induced by immunization with only a single autoantigen in very strong
adjuvant (CFA) to model a complex disease in the immunologically complex and
genetically variable human population is understandable from a reductionist ap-
proach, but has obvious limitations. As discussed elsewhere (’t Hart et al. 2011), the
EAE model can be a very useful experimental model of MS, but the Achilles’ heel
of the model seems the wide genetic, immunological, microbial, and anatomical gap
between the laboratory mouse/rat and man. This problem is certainly not restricted
to EAE, but applies to models for a wide range of immune-mediated inflammatory
disorders (’t Hart et al. 2004). The extrapolation of data from EAE to MS can benefit
from the usage of disease models in animals that are more closely related to humans
than mice and rats, monkeys, for example. Monkeys are man’s closest relatives in
nature and the high degree of genetic, immunological, microbial, and anatomical
similarity with humans has been well documented.
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In this chapter, we will discuss established MS models in common laboratory
primates, comprising two Old-World monkey species, the rhesus (Macaca mu-
latta) and cynomolgus (Macaca fascicularis) macaque, and one New-World monkey,
the common marmoset (Callithrix jacchus). We will briefly summarize character-
istic aspects of the models, which have been reviewed in more detail elsewhere
(Brok et al. 2001a; ’t Hart et al. 2005a; Kap et al. 2010), and highlight new insights
into MS pathogenesis.

14.3 EAE in Old-World Monkeys

14.3.1 EAE in Rhesus and Cynomolgus Macaques

The first observations on autoimmune encephalomyelitis induced by sensitization
against CNS antigens were made in humans vaccinated against rabies (Stuart and
Krikorian 1933). Rivers et al. (1933) have used rhesus monkeys to analyze whether
the fatal postvaccination encephalomyelitis observed in human vaccinees was in-
duced by the virus or by components from the rabbit brain on which the virus was
cultured. Although it could be shown that the disease was caused by the repeated
injections of rabbit brain extract, the underlying mechanism was not understood. In a
follow-up publication, the experiment was reproduced using repeated intramuscular
injections (up to 85) with alcohol extract from normal rabbit brain giving essen-
tially the same results (Rivers and Schwenkter 1935). The reported study also tested
whether intracerebral injection of brain extract from a diseased monkey into two
other monkeys would induce the same disease. As this was not observed, the inves-
tigators concluded that the neurological problems were most likely not caused by an
infectious pathogen. More than a decade later, Kabat et al. observed that formulation
of the rabbit brain extract with mycobacteria suspensions in oil strongly potentiated
the immunogenicity, so that the number of injections needed to induce an acute type
of EAE at high incidence could be substantially reduced (Kabat et al. 1947). The
same publication reports that monkeys immunized with fetal rabbit brain, which
contains only little myelin, did not develop the disease, proving for the first time
that the encephalitogenic component in the rabbit brain extract is myelin. The sub-
sequent work, from Alvord et al., for example (Alvord 1984), essentially followed
observations collected in Lewis rat and guinea pig EAE models, identifying myelin
basic protein (MBP) as an important encephalitogenic myelin component. Indeed,
immunization of rhesus monkeys with MBP/CFA induced a similar type of acute
EAE as was observed in monkeys injected with brain extracts.

It was well recognized that the acute clinical course and the destructive inflam-
matory pathology of the EAE model in rhesus monkeys more closely resembled
acute disseminated encephalomyelitis (ADEM) than the most prevalent relapsing-
remitting (RR) and secondary progressive (SP) forms of MS. Nevertheless, in the
absence of a better alternative, the model has been used for immunogenetic and
immunopathogenic research as well as for immunotherapy testing (van Lambalgen
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and Jonker 1987a, b; Slierendregt et al. 1995). These studies demonstrated a simi-
lar prominent pathogenic role of CD4+ T cells as in rats and guinea pigs, whereas
depletion of CD8+ T cells had no detectable effect (Lambalgen and Jonker 1987b).
Another study demonstrating a substantial suppressive effect of anti-CD18 antibody,
which recognizes the integrin β2 chain of LFA-1 and Mac-1 and limits migration of
leukocytes, emphasized the immunological basis of the model (Rose et al. 1997).

Attempts have been made to establish a more MS-like model in rhesus monkeys,
such as by changing the immunizing antigen. However, it was observed that rhe-
sus monkeys immunized with recombinant Oligodendrocyte-specific protein (OSP)
(Bajramovic et al. 2008) or myelin/oligodendrocyte glycoprotein (MOG; Kerlero de
Rosbo et al. 2000), or the immunodominant peptide MOG34–56 (Brok et al. 2007)
developed an equally acute onset EAE with necrotic brain lesions as was observed
in the original model.

Others have tested EAE induction in another macaque species, i.e., long-
tail/cynomolgus macaques (Macaca fascicularis). This showed some improvement
as monkeys immunized with MBP/CFA were found to develop RR disease (Teitel-
baum et al. 2004). Moreover, Massacesi et al. observed that monkeys immunized
with human brain homogenate in CFA developed in part acute fatal and in part RR
EAE (Massacesi et al. 1992).

14.3.2 Refinement of the Rhesus Macaque EAE Model

A large primate EAE model is definitely needed for studies of immunogenetic and
immunopathogenic mechanisms that require large blood volumes or easy access to
cerebrospinal fluid (CSF) as well as for immunotherapy evaluation. Macaques are
more closely related to humans than marmosets and this is reflected by the higher
genetic and immunological similarity. As an example, the percentage of candidate
therapeutic monoclonal antibodies that cross-react with target molecules in macaques
is higher than those in marmosets (approx. 90 % vs. 50–60 %). Also, brain-imaging
studies with magnetic resonance imaging (MRI) or positron emission tomography
(PET) will benefit from the anatomical similarities between the macaque and human
brain. Finally, CSF analysis is more feasible in macaques than in the small-bodied
marmoset, both with regard to the ease of CSF collection and the volume that can
be collected. However, the establishment of a model in macaques that approximates
the MS-like clinical and pathological presentation of the EAE model in marmosets
remains a major challenge.

A possible explanation comes from the intriguing observation that rhesus monkeys
consistently display a more vigorous response than marmoset monkeys in models of
immune-mediated inflammatory disorder, such as EAE and collagen-induced arthri-
tis (CIA) (Vierboom et al. 2005, 2010). Moreover, the ulcerative lesions developing
at the intradermal injection sites of antigen/CFA emulsion are much more severe in
rhesus monkeys than in marmosets (own unpublished observation). These observa-
tions suggest that the acute and destructive nature of the models may be due to a
higher innate reactivity of rhesus monkeys against bacterial antigens present in the
adjuvant, although this still needs to be proven.
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Analogous to the situation in marmosets (see further), we have tested whether
clinically evident EAE can be induced without usage of CFA. It was observed that in
only two out of five tested rhesus monkeys, EAE could be induced by immunization
with rhMOG in IFA, while similarly treated marmosets developed EAE in six out of
six tested cases (Haanstra et al. 2013).

14.3.3 A Virus-Induced MS Model in Japanese Macaques

In a colony of Japanese macaques at the Oregon National Primate Research Center
(Beaverton, OR), spontaneous outbreak of MS-like disease has been reported
(Axthelm et al. 2011). The authors succeeded in isolating a new γ2 herpes virus
from acute central nervous system (CNS) white matter lesions. Further research
showed that the virus could not be isolated from normal white matter from sick or
healthy monkeys. This spontaneous disease may be very useful as a model for the
viral etiology of MS.

14.4 EAE in New-World Monkey; the Common Marmoset
(Callithrix jacchus)

14.4.1 What Is a Marmoset?

The common marmoset is a small-bodied Neotropical primate (approx. 350 g at
maturity) that breeds well in captivity and adapts well to experimental procedures.
A healthy female gives birth to two sets of twins or sometimes triplets per year,
which are sexually mature after about 1.5 years (Tardif et al. 2003). Marmosets
have been widely used in biomedical research (Abbott et al. 2003; Mansfield 2003).
Twins usually have a shared placental blood stream creating chimerism at the level
of bone marrow and hematopoietic lineages (Haig 1999). The chimerism therefore
includes the immune systems of twin siblings, which are educated in the same thymic
environment and are thus highly comparable.

The T and B cell receptor-encoding gene repertoires of the marmoset have been
characterized and were found to be comparable with the human counterparts (Uccelli
1997; Budingen et al. 2001). It is not exactly known, however, which of the isotypes
and subclasses defined for human Ig molecules are present in marmosets. Moreover,
MHC class I and II regions have also been characterized. The MHC class I region
of the marmoset does not encode equivalents of the human classical MHC class
Ia molecules HLA-A and C, but genes encoding equivalents of HLA-B and the
nonclassical MHC class Ib molecules HLA-E and -G have been identified (Cadavid
et al. 1997; Shiina et al. 2011). Analysis of the natural killer receptor repertoire
is in progress (Averdam et al. 2007). The MHC class II region of the common
marmoset comprises two polymorphic (Caja-DRB1*03 and − DRB*W16) and one
monomorphic locus (Caja-DRB*W1201; Antunes et al. 1998). Later, it was found
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that only the Caja-DRB*W1201 and − DRB*W16 loci produce functional transcripts
whereas the Caja-DRB1*03 locus encodes pseudogenes. However, Caja-DRB1*03
exon 2 elements can be embedded within a Caja-DRB*W16 gene as a result of an
exon shuffling event to form hybrid MHC class II molecules (Doxiadis et al. 2006).

14.4.2 Concise Overview of EAE Models in the Common
Marmoset

The discovery that marmosets sensitized against human myelin formulated with
a strong bacterial adjuvant (CFA) display MS-like disease has been a major break-
through in the modeling of MS in nonhuman primates (Genain et al. 1994; Massacesi
et al. 1995). After we reproduced the model from the original publication in our own
laboratory (’t Hart et al. 1998), we have set out to refine and modify it as reviewed
in detail elsewhere (’t Hart and Massacesi 2009).

We observed that immunization with myelin isolated from the CNS of wild-type
C57BL/6 mice emulsified in CFA gave the same MS-like disease as immunization
with MS patient myelin in five out of five monkeys. However, four out of five
marmosets immunized with CNS myelin from C57BL/6 mice, in which the MOG
gene was knocked out, failed to develop EAE (Jagessar et al. 2008). In the one
case that did develop EAE, the disease was equally acute in both twin siblings. This
observation suggests that acute EAE can be induced independent of MOG, whereas
autoimmunity against MOG is essential for the induction of progressive disease.
Essentially, the same results were obtained in the chronic relapsing EAE model in
Biozzi ABH mice (Smith et al. 2005).

Genain et al. have pioneered the marmoset EAE model in great depth. Initially,
they focused their research on the pathogenic contribution of two major myelin
antigens (MBP and PLP), which were found to induce mainly inflammatory EAE
when formulated with strong bacterial adjuvants, i.e., enriched CFA containing a
high concentration of mycobacteria and intravenous Bordetella pertussis particles
(Genain et al. 1995). However, extensive demyelination of white matter was ob-
served only after additional injection of anti-MOG antibody (Genain et al. 1995).
Similarly, McFarland et al. (1999) observed a critical role of anti-MOG autoimmu-
nity in the development of clinically evident EAE in marmosets sensitized against
a chimeric protein of MBP and PLP (MP4). Also, in our hands, immunization with
MBP formulated with commercial CFA, containing a low dose of mycobacteria with-
out intravenous administration of Bordetella pertussis, was much less effective in
inducing clinical EAE than the quantitatively minor CNS myelin-constituent MOG
(Brok et al. 2000).

These findings suggest the existence of a hierarchy in the pathogenic contribution
of myelin antigens with a prominent role of MOG. We further explored the patterns
of humoral and cellular anti-MOG autoimmune reactions relevant to the induction
of lesion formation and neurological deficit. The EAE model for this research was
induced by sensitization against the Ig-like extracellular domain of human MOG
(amino acids 1–125; rhMOG) in CFA (Brok et al. 2000). Figure 14.1 shows the
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time after immunisation (weeks)

Score     symptoms
5         death due to EAE

4         quadriplegia

3         hemi/paraplegia

2.5       hemi/paraparesis

2          ataxia, blindness

1 anorexia

0.5       altered walk

0 no disease

a

clinical EAEb

Fig. 14.1 Clinical and pathological development of the rhMOG/CFA EAE model. a A single
immunization with 100 μg rhMOG in CFA suffices to induce clinical EAE in marmosets from an
outbred population. The model is characterized by a 100 % incidence but variable time of onset.
b Serial MRI (T2-weighted) shows that already after 6 weeks a white matter lesion is detectable
whereas neurological deficits can be first observed about 3 months later. Around the presence of
clinically evident EAE, spreading of lesions to the cortical gray matter can be found (inserts). The
early and late phases of the disease in this model are likely driven by the two distinct pathogenic
mechanisms depicted in Fig. 14.3

main characteristics of the EAE model induced with rhMOG/CFA. The model is
characterized by 100 % disease incidence, but the time interval between EAE in-
duction and onset of neurological deficit varies considerably between individual
animals (Fig. 14.1a). Intriguingly, serial MRI of a late responder case shows that
brain white matter T2 lesions are detectable long before neurological deficits are di-
agnosed (Fig. 14.1b). These observations led us to hypothesize that the initiation and
perpetuation of the disease may involve distinct immunopathogenic mechanisms. In
the following paragraphs, we will discuss data in support of this hypothesis.
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14.4.3 Immune Mechanisms Involved in EAE Initiation

In MS as well as in mouse, rat, and rhesus monkey EAE models, disease susceptibility
maps to the MHC class II region. This is also the case in marmosets. The specificity
profiling of mononuclear cells (MNC) isolated from marmosets at the height of
rhMOG/CFA-induced disease showed ubiquitous reactivity (proliferation) against
two overlapping N-terminal peptides of rhMOG, i.e., MOG14–36 and MOG24–46.
It was subsequently confirmed that the presentation of the overlapping MOG24–36

peptide by Caja-DRB*W1201 molecules elicits inflammatory EAE by the activation
of T helper 1 cells (Th1; Brok et al. 2000). Immunization with the longer peptide
MOG14–36 indeed induced mild clinical EAE with small inflammatory lesions in four
out of four monkeys. Independent from us, it was shown that transfer of T cell lines
against the slightly elongated MOG21–40 peptide isolated from the naive marmoset
immune repertoire induced a similar type of inflammatory EAE (Villoslada et al.
2001).

These data warrant the conclusion that the 100 % disease incidence in the
(outbred!) rhMOG/CFA marmoset EAE model can be explained by a uniform
autoimmune event in all marmosets, namely the Caja-DRB*W1201-restricted
activation of Th1 cells, which cause inflammation in the CNS white matter.

14.4.4 Immune Mechanisms Involved in EAE Perpetuation

Figure 14.1b illustrates that formation of brain white matter lesions can be detected
long before overt clinical signs are diagnosed. Interestingly, we observed in the
depicted case that around the time that clinical signs appeared, several T2 lesions
had spread into the cortical gray matter. This raised the question whether specific
immunological changes can be observed around the time that neurological deficits
appear.

The specificity profiling of MNC isolated from marmosets at the height of
rhMOG/CFA-induced EAE also showed a variable reactivity against other MOG
peptides, including MOG34–56 and the overlapping peptides MOG64–86/MOG74–96

(Kap et al. 2008). Interestingly, marmosets with a short disease duration, i.e., fast
progressors, displayed significantly more often a polyspecific proliferative response
than monkeys with a longer disease duration, indicated as slow progressors (Kap
et al. 2008). We have therefore tested in chimeric twins whether immunization with
MOG34–56 or MOG74–96 formulated in CFA-induced EAE. It was observed that only
monkeys immunized with MOG34–56/CFA developed clinically evident EAE with
widespread CNS inflammation and demyelination (Kap et al. 2008). In contrast,
monkeys immunized with MOG74–96/CFA displayed no detectable EAE symptoms,
although small-sized abnormalities suggestive of inflammatory lesions were detected
on postmortem T2W images. In these monkeys, a single booster immunization with
MOG34–56 formulated with IFA induced clinically evident EAE within a few weeks
(Kap et al. 2008). We concluded from this experiment that anti-MOG74–96 T cells
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are mildly encephalitogenic, inducing small-sized inflammatory lesions, which do
not induce detectable neurological problems, whereas anti-MOG34–56 T cells have a
more potent encephalitogenic capacity.

As the induction of cross-reactive T cell responses between the nonoverlapping
peptides MOG34–56 and MOG74–96 could be excluded, we hypothesized from this
experiment that T cells activated by MOG34–56 may exert a vigorous attack on small-
sized lesions in the CNS white matter that have been induced by the autoimmune
reactivity against MOG74–96. This observation formed the basis of our “response-to-
injury” paradigm for MS, which we would like to propose as an alternative for the
classical “response-to-infection” model (’t Hart et al. 2009). We will discuss later
that this new concept may also help understand immune mechanisms underlying
secondary progressive MS.

14.4.5 The Heart of the Marmoset EAE Model

The most remarkable observation in the MOG74–96/CFA-immunized monkeys was
that sensitization with MOG34–56/IFA was sufficient to elicit the complete clinical and
pathological picture of the rhMOG/CFA model. This observation raised the question
whether immunization of naive monkeys with MOG34–56/IFA might also induce
clinically evident EAE. It was indeed observed that essentially all tested monkeys
(N > 20) developed overt clinical EAE, associated with widespread demyelination
in brain and spinal cord affecting the white as well as gray matter (Jagessar et al.
2010). Representative examples of disease course and CNS pathology are depicted
in Fig. 14.2. All this occurred without deliberate innate receptor-mediated activation
of APC by microbial compounds in the adjuvant to a mature immunogenic state,
which can break the immune regulatory mechanisms that maintain tolerance and in
the absence of autoantibodies mediating demyelination. We thus concluded that the
MS-like clinical and pathological features of this new model are directly induced by
autoreactive memory-like T cells present in the naive marmoset repertoire.

Next, we investigated the nature of the autoreactive T cells and their mecha-
nism of action in the MOG34–56/IFA model. We used CFSE-vital dye dilution to
identify in bulk suspensions of lymph nodes and spleen the in vivo-activated T
cells, as these proliferate upon ex vivo restimulation with MOG34–56 (Lyons 2000),
and phenotyped them with a panel of preselected cross-reactive monoclonal an-
tibodies (mAb; Brok et al. 2001b). It could be shown that the main peptide
reactivity maps to CD3+CD4+CD56+ cells predominating in the axillary lymph
nodes that drain the immunization sites and CD3+CD4+/CD8+CD56+ predom-
inating in the spleen. Immunostaining for additional markers showed that they
are CD27+CD28−CD45RO−CCR7−. Functional characteristics relevant for the
pathogenic role of T cells are the cytokine profile upon ex vivo stimulation with
MOG34–56, i.e., IL-17Ahigh, IFNγlow, and TNFαlow and the specific cytotoxic activ-
ity towards target cell presenting the epitope MOG40–48 via monomorphic Caja-E
molecules (Jagessar et al. 2012b). Caja-E is the marmoset representative in a lin-
eage of nonclassical MHC class Ib genes with a regulatory role of NK cells, also
comprising HLA-E in humans and QA-1 in mice (Jensen et al. 2004).
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14.5 Validation of the Models by Immunotherapy

We have used the marmoset EAE model for the preclinical evaluation of new im-
munotherapies. Such studies are of interest as they demonstrate which pathogenic
mechanisms are equally important in MS and EAE and in this way serve as valida-
tion of the model. In this chapter, we will highlight three treatments that have been
evaluated in the EAE model, namely the anti-IL12p40 antibody ustekinumab, the
anti-CD20 antibody HuMab 7D8, which is clonally related to ofatumumab, and the
cytokine interferon-γ.

Treatment 1 The discovery that distinct autoreactive T cell lineages exist with a
different function in MS and that these can be distinguished on the basis of their
cytokine profile has opened new avenues in EAE/MS research. Accumulating evi-
dence, mainly coming from rodent EAE models, suggests that two T cell subtypes
have a particularly important role in inducing CNS inflammation, i.e., Th1 cells,
characterized by the signature cytokine IFNγ, and Th17 cells, characterized by the
signature cytokine IL-17A (Axtell et al. 2010). The key cytokine for differentiation
of Th0 cells to Th1 is the p35/p40 heterodimeric cytokine IL-12, whereas the p19/p40
heterodimeric cytokine IL-23 promotes differentiation to Th17. It was therefore ex-
pected that treatment with an antibody against the shared p40 subunit of IL-12 and
IL-23 would inhibit the differentiation of both arms and that this would suppress
neuroinflammation in MS.

We observed that early-stage treatment with a human IgG1κ antibody against
human IL-12p40 (ustekinumab) in the marmoset EAE model, i.e., starting 1 day
before the immunization, completely suppressed clinical and pathological features
of EAE (Brok et al. 2002). However, late-stage treatment with the antibody, starting
when brain white matter lesions had already been formed, was much less effective
causing only a delayed disease onset (’t Hart et al. 2005b). Unexpectedly, the same
antibody was found ineffective in a phase II clinical trial in RRMS (Segal et al. 2008).
The discrepant efficacy of ustekinumab in MS and EAE justifies the question whether
autoreactive Th1/Th17 cells have an equally important pathogenic role in MS as in the
EAE model. The answer to this question suggested by the marmoset EAE model is
that the T cells engaged in late-stage disease are committed effector memory T cells,
which no longer require IL-12 or IL-23 for their activation and/or differentiation.

Treatment 2 The canonical role of B cells in the EAE model is to produce autoan-
tibodies that support demyelination by opsonizing myelin. The findings by Genain
and colleagues that anti-MOG antibodies are associated with CNS myelin pathology
in MS and the marmoset EAE model (Genain et al. 1999; Raine et al. 1999) and
that they amplify CNS demyelination when injected into a marmoset model with
only inflammatory lesions (Genain et al. 1995) support this concept. The remark-
able clinical effect of the B cell-depleting antibody rituximab, specific for human
CD20, was therefore not completely unexpected (Hauser et al. 2008). However, as
in clinical trials circulating antibody levels are usually not affected by treatment with
anti-CD20 antibody, there is still uncertainty about a mechanistic explanation of the
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clinical effect (Barun and Bar-Or 2012). We have taken advantage of the availability
of a clinically relevant anti-CD20 antibody that cross-reacts with marmoset CD20,
HuMab 7D8, which is closely related to the fully human anti-CD20 antibody ofatu-
mumab. A single intravenous injection of the antibody induced rapid and sustained
systemic depletion of B cells in marmosets (Kap et al. 2008). The clinical efficacy
of the antibody was tested in the rhMOG/CFA-induced EAE model, demonstrating
that B cell depletion after the onset of autoantibody production (postsensitization
day (psd) 21) led to complete abrogation of EAE development (Kap et al. 2008). In-
terestingly, the impressive clinical effect was associated with marked suppression of
demyelination in white as well as gray matter (Kap et al. 2011). Importantly, we also
observed impaired activation of MOG34–56-specific T cells, which comprise a subset
of T cells, engaged in the antibody-nondependent induction of CNS pathology and
neurological deficits (Kap et al. 2008; Jagessar et al. 2010). This obviously raises the
question whether the direct activation by B cells of an autoantibody-non-dependent
pathway towards clinically evident EAE could provide a mechanistic explanation
for the clinical effect of the anti-CD20 antibody. Thus, we repeated the experiment
in the MOG34–56/IFA model. Indeed, we observed complete suppression of EAE
development as well as of CNS pathology (Jagessar et al. 2012c).

Treatment 3 Treatment with interferon-γ suppresses disease development in most
Th1-driven rodent EAE models (Sanvito et al. 2010). However, we observed no
clinical effect of the cytokine in the MOG34–56/IFA model, neither as a prophylac-
tic nor as a therapeutic treatment, although modulation of several Th1-associated
autoimmune parameters was observed (Jagessar et al. 2012a).

14.6 A Paradigm Switch for MS: Response-to-Injury

According to a widely accepted concept, autoimmunity in MS is caused by the
interaction of environmental and genetic factors. GWA studies show a dominant
influence of genes involved in cellular immune mechanisms, such as the MHC class
II region and polymorphisms, in the promoter regions of the cytokine receptors IL-2R
and IL-7R (Sawcer et al. 2011). Suspected environmental factors comprise infections,
smoking, and vitamin D insufficiency (van der Mei et al. 2011). Although no single
pathogen has been definitively identified as a trigger of MS, the combination of HLA-
DRB*1501 positivity and infection with EBV seems to imply a markedly elevated risk
of MS (De Jager et al. 2008). However, in the absence of undisputed evidence for an
infectious cause of MS, for which we have coined the term “response-to-infection,”
other concepts deserve consideration (’t Hart et al. 2009).

The marmoset EAE model shows a disconnection between immune events operat-
ing in early- and late-stage disease. We observed that the expression of neurological
deficit is associated with the activation of T cells that display characteristics of ef-
fector memory cells. These are present in the normal repertoire of primates, but
not of EAE-susceptible mouse strains, such as Biozzi ABH and C57BL6, and can
be activated by immunization with a single peptide in IFA (Jagessar et al. 2010).
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Along another research line, we have shown in mouse and marmoset EAE models
that in the course of EAE, CNS myelin degradation products are released from the
CNS and appear in the cervical and lumbar lymph nodes, where they can be found
within APC, some of which are DC-SIGN+, localizing in T cell areas (de Vos et al.
2002; van Zwam et al. 2009a). We also showed (in the chronic relapsing Biozzi
ABH mouse model) that surgical removal of cervical and lumbar lymph nodes after
the acute phase impairs the subsequent relapse rate (van Zwam 2009b). These and
other findings have led us to postulate that the autoimmunity in MS may not be a
“response-to-infection” but rather a “response-to-injury” (’t Hart et al. 2009).

This latter concept essentially proposes that:

1. The primary cause of MS is an event within the CNS that causes myelin injury.
This event can be pathological, such as ischemia or infection, or nonpathological,
such as age-associated degeneration of myelin and oligodendrocytes (Bartzokis
2004).

2. The ensuing activation of cellular and humoral autoimmune mechanisms re-
sults from an immune hyperreaction against the self-antigens released from this
primary CNS lesion. We hypothesize that the immune hyperreaction is caused
by the interaction of genetic factors and infectious pathogens. The finding that
the specific MOG34–56 epitope of cytotoxic T cells in marmosets (MOG40–48;
YRSPFSRV) and rhesus monkeys (MOG39–46; WYRPPFSRV) share sequence
similarity with peptide 986–993 of the immunodominant UL86 (WLRSPFSRV)
antigen of primate cytomegalovirus (CMV) and that the peptide MOG34–56 and
UL86981–1003 induce a cross-reactive CD8 T cell response in rhesus monkeys has
drawn our attention to CMV.

On the side of genetics, it is noteworthy that the peptide MOG35–55 is immunogenic
in mice expressing the MS-associated DR2 allele HLA-DRB1*1501 (Rich et al.
2004) suggesting that this MHC allele selects encephalitogenic epitopes of the pep-
tide for presentation to T cells. Human and mouse MOG35–55, which only differ at
position 42, where the mouse peptide is occupied by S and the human peptide by P,
differ in encephalitogenic potential and HLA-DRB1*1501 binding, suggesting that
position 42 is part of the encephalitogenic CD4 T cell epitope. This is in line with
the identification of MOG37–48 as putative CD4+ T cell epitope in the marmoset
EAE model (Jagessar et al. 2012b). It is thus conceivable that the mimicry epitope
encompassed within the CD8+ T cell epitope MOG39–48 may be immunodominant
in HLA-DRB1*1501 positive humans.

On the side of infection, it is of note that UL86 is an immunodominant antigen
of CMV engaging an impressive proportion of the effector memory compartment,
± 1.5 % of CD4 and ± 0.5 % of CD8 (Sylwester et al. 2005). This may imply that
HLA-DRB1*1501+ individuals have a high frequency of effector memory T cells
specific for MOG34–56 in their repertoire. The data reported by Bielekova et al. (2004)
point into that direction. The “response-to-injury paradigm” postulates that these T
cells are activated by MOG draining from injured CNS white matter.
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Fig. 14.3 Two pathogenic pathways operating in the marmoset EAE model. The development of
EAE in marmosets immunized with rhMOG/CFA involves two separate pathways. Pathway 1 is
active in the initiation of the disease as in classical mouse and rat EAE models, comprising the
synergy of Th1 cells inducing inflammation and autoantibodies inducing demyelination. Pathway
2 is mediated by IL-17-producing and cytotoxic T cells, which induce demyelination of white
and gray matter without support of autoantibodies. The model depicted in Fig. 14.2 is driven by
pathway 2

14.7 Concluding Remarks

As discussed in more detail elsewhere, we postulate that the “response-to-injury
paradigm” may help understand several open questions in MS, which are not ex-
plained by the “response-to-infection paradigm” (’t Hart and Weissert 2011). These
issues include: (1) the notion that multiple factors may be responsible for triggering
of MS rather than a single infection, (2) the observation that oligodendrogliopathy
(Barnett and Sutton 2006) and focal activation of microglia (van der Valk and Amor
2009) precedes the CNS infiltration of immune cells, and (3) the poor efficacy of
immunomodulatory treatment.

We believe that virus infections have an important role in MS, albeit not as an en-
vironmental trigger, but by creating a repertoire of cytotoxic effector memory T cells
(CMV or other opportunistic infections) and by making B cells capable of activating
these cytotoxic MHC-E-restricted T cells (EBV). In this concept, CNS infection can
be a cause of the primary CNS injury, but other factors can be equally important.
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The marmoset EAE model shows the existence of two distinct pathways leading to
the same end point, i.e., demyelination of gray and white matter and irreversible neu-
rological deficit (10; Fig. 14.3). One pathway includes a Th1-mediated pathogenic
mechanism that starts with the activation of naive T cells by immunization with
rhMOG or MOG34–56 in CFA. This classical autoantibody-dependent pathway de-
velops more or less similarly in mice and marmosets. This is illustrated by similar
beneficial effects of anti-IL-12p40 antibody.

There is, however, an alternative pathway where T cells mediate antibody-
nondependent demyelination of white and gray matter. The pathogenic T cells are
likely effector memory cells that are already committed to encephalitogenicity. This
pathway is activated at a late stage in the rhMOG/CFA model, but is also directly
activated in the MOG34–56/IFA model. These T cells are relatively insensitive to treat-
ments targeting their functional commitment, such as IFNγ (De Jager et al. 2008),
IL-12/23 neutralization, or costimulation blockade (CD40; ’t Hart et al. 2005c).
It is tempting to speculate, albeit not proven, that these are the T cells operating in
already established MS.
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Chapter 15
A Novel Concept of Treatment in MS: Targeting
Both Oligodendrocyte Death and Inflammatory
Processes by Inhibiting Poly(Adp-Ribose)
Polymerase

Zsolt Illes, Hans Lassmann and Ferenc Gallyas

15.1 Multiple Sclerosis: Mitochondrial Injury

The pathology of multiple sclerosis (MS) was originally defined by inflammation,
focal primary demyelination in the white matter, and astrocytic gliosis. This plaque-
centered view of MS pathology has been revised during the last years (Lassmann
et al. 2007). It became clear that pathology is not restricted to focal white matter
lesions, but that demyelination may also affect the gray matter, most prominently
the cerebral and cerebellar cortex (Peterson et al. 2001; Kutzelnigg et al. 2005).
In addition, there is a diffuse and global damage in the normal appearing white
and gray matter, which increases with disease duration and age of the patients
(Kutzelnigg et al. 2005). Both white and gray matter lesions can in part become
repaired by remyelination (Patrikios et al. 2006; Albert et al. 2007). Pathological
alterations within the MS brain are highly heterogeneous, depending in part on the
activity and stage of evolution of focal demyelinated lesions (Lassmann 2011a), on
their location within the brain gray or white matter (Geurts and Barkhof 2008), and
on the stage of the disease when they arise (Kutzelnigg et al. 2005). In addition,
an interindividual heterogeneity of active lesions can be seen between patients even
when other contributing factors are excluded (Lucchinetti et al. 2000). Despite this
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profound heterogeneity in MS pathology, there are some general features, which are
similar in all patients and all types of lesions. Inflammation is invariably dominated by
CD8+ T cells, activated macrophages, and microglia (Babbe et al. 2000). In contrast
to most other inflammatory diseases of the central nervous system (CNS), inflamma-
tion in MS is associated with primary demyelination and oligodendrocyte apoptosis
(Barnett and Prineas 2004). Axons are destroyed in variable extent, but these are
always the thin-caliber axons, which are predominantly affected (Evangelou et al.
2001; Trapp and Stys 2009). Remyelination may be extensive in some lesions, but it
frequently fails in others (Patrikios et al. 2006) despite the presence of oligodendro-
cyte progenitor cells (OPCs; Chang et al. 2002). Finally, astrocytes in early lesions
show increased cytoplasmic volume and expression of glial fibrillary acidic protein,
which in patients with aggressive disease is associated with loss of cell polarity and
cell processes as well as loss of molecules expressed in processes of the glia limitans
(e.g., aquaporin 4; Sharma et al. 2010). These pathological alterations together are
highly specific for MS. This raises the question whether they could be explained by a
single pathogenetic mechanism. The data discussed here suggest that mitochondrial
injury may reside in the center of the pathogenetic cascade in the MS brain.

The interest for mitochondria in MS pathogenesis was raised through several ob-
servations (Kalman 2006). In a subtype of patients with fulminate MS and highly
active lesions, a type of pathology was found (Pattern III; Lucchinetti et al. 2000),
which closely resembled that seen in acute white matter stroke lesions (Aboul Enein
et al. 2003). Since this type of lesions occurred in the absence of vascular occlusions,
it was assumed that histotoxic hypoxia due to mitochondrial injury may play a role.
Another indication came from gene array studies of cortical tissue (Dutta et al. 2006),
which showed a decreased expression for multiple mitochondrial genes. Further-
more, the selective destruction of thin-caliber axons in MS lesions suggested that
energy deficiency subsequent to mitochondrial dysfunction may be involved in neu-
rodegeneration (Stys 2005; Trapp and Stys 2009). Subsequent studies showed that
the expression of certain mitochondrial proteins, in particular the COX1 molecule
of Complex IV of the respiratory chain, is massively reduced in fulminate-active
(Pattern III) MS lesions (Mahad et al. 2008), but that in chronic lesions mito-
chondrial numbers and enzyme activity in axons are increased (Mahad et al. 2009;
Witte et al. 2009). The high number of mitochondria in demyelinated axons is reduced
when remyelination occurs (Zambonin et al. 2011). The data suggest a complex sce-
nario of mitochondrial injury in MS lesions. Mitochondrial damage is an important
factor driving demyelination and neurodegeneration at sites of activity. However, in
established lesions—in the absence of inflammation—the mitochondrial content in
axons reflect their energy demand, which is highest in demyelinated fibers, lower in
remyelination, and lowest in normal axons.

Interestingly, the molecular consequences of mitochondrial injury seem to be
different for different cells and their processes. Using similar concentrations of mi-
tochondrial toxins in vitro or by analyzing cell degeneration in lesions in vivo, mature
oligodendrocytes (and their myelin sheaths) seem to be most susceptible followed in
the order of magnitude by neurons and their processes, by OPCs, by astrocytes, and
finally by macrophages and microglia. Energy deficiency seems to be a dominant
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trigger of axonal demise, leading to ionic imbalance, calcium influx, and activation
of intra-axonal proteases (Trapp and Stys 2009). In nucleated cells, and in partic-
ular in oligodendrocytes, mitochondrial release of apoptosis- inducing factor (AIF)
may trigger apoptotic cell death and secondary demyelination (Veto et al. 2010).
In contrast, OPCs (and also astrocytes) survive mitochondrial toxin concentrations,
which are sufficient to destroy mature oligodendrocytes, but the cells retract their
cell processes and fail to myelinate in vitro (Ziabreva et al. 2010). Thus, most of the
cardinal pathological features of MS lesions can be explained by a single mechanism:
mitochondrial injury.

This raises the question on the cause of mitochondrial injury in MS lesions.
In vitro studies have shown that oxygen and nitric oxide radicals or both together
can induce mitochondrial injury in vitro and in vivo (Bolanos et al. 1997). In line
with these data, profound oxidative modification of DNA, proteins, and lipids was
reported in active MS lesions (Bizzozero et al. 2005; Vladimirova et al. 1998;
Lu et al. 2000; Van Horssen et al. 2008), and it recently became clear that oxi-
dized DNA and oxidized phospholipids label cells and axons in active MS plaques,
which are in the process of being destroyed (Haider et al. 2011). Macrophages
and microglia, which are activated in the course of the chronic inflammatory pro-
cess, are likely to be the major source of radicals in active MS lesions. Active
demyelination and neurodegeneration is invariably associated with inflammation in
MS brains (Frischer et al. 2009). Activated microglia in (initial) active lesions express
inducible nitric oxide synthase (Bagasra et al. 1995; Cross et al. 1998; Liu et al. 2001;
Marik et al. 2007; Zeis et al. 2009), myeloperoxidase (Gray et al. 2008a, b; Marik
et al. 2007), and NADPH oxidase complexes (NOX1 and NOX2; Fischer et al. 2012).
However, radical production and toxicity can additionally be enhanced by the mi-
tochondrial injury itself (Murphy 2009) as well as by the presence of divalent iron
ions. Interestingly, iron accumulates in the human brain predominantly with age in
oligodendrocytes (Hallgren and Sourander 1958) and will be liberated, when these
cells are destroyed in the initial stages of plaque formation in MS brains. These
amplification mechanisms may be particularly important in the progressive stage of
the disease (Lassmann and van Horssen 2011).

15.2 Current Treatment Options of Multiple Sclerosis
from the Point of Pathogenesis

Inflammation is present in the CNS of all patients with MS regardless of pheno-
type, duration, and other pathological characteristics. Inflammation is presumed
to be autoimmune in origin, since in the inflammatory model of MS, experimen-
tal autoimmune encephalomyelitis (EAE), MS-like pathology and disease can be
elicited by immunization with self-peptides of CNS myelin (Illes et al. 2004;
Illes et al. 2005). Demyelination and loss of oligodendrocytes are partly re-
lated to the inflammation, but degenerative processes may be equally important
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(Sriram 2011; Trapp and Nave 2008). Considering inflammation and oligoden-
drocyte loss, two main concepts have evolved. One emphasizes the heterogeneity
of MS and indicates that either cellular (T cells and macrophages: pattern I)
and humoral immune responses (antibodies and complement: pattern II) or pro-
found oxidative injury associated with oligodendrocyte apoptosis (pattern III; Haider
et al. 2011; Fischer et al. 2012) or oligodendrocyte dystrophy (pattern IV) are char-
acteristic in different patients (Lucchinetti et al. 2000). This concept is supported
by clinical experiences showing that all patients with pattern II, but none with
pattern I or pattern III, achieved moderate to substantial functional neurological
improvement after plasma exchange in fulminant CNS inflammatory demyeli-
nating disease (Keegan et al. 2005). The other concept of MS pathogenesis
suggests that every MS plaque starts with oligodendrocyte degeneration; in
such scenario, the observed inflammation might be due to a secondary au-
toimmune phenomenon (Barnett and Prineas 2004). Nevertheless, we were un-
able to elicit such secondary autoimmune inflammation in MOG-specific TCR
transgenic mice, where primary demyelination and oligodendrocyte loss was in-
duced by cuprizone and complete Freund’s adjuvant (CFA) was also given; in
wild-type mice, administration of pertussis toxin and CFA during the peak of
cuprizone-induced demyelination did not result in clinical signs of EAE and
inflammatory alterations of the CNS either (data not published). Degenerative
processes may be more important in the progressive types of MS, while in-
flammation predominates in the early phases; such dissection may be mirrored
by reduction in number of relapses as the disease progresses (Vukusic and
Confavreux 2007).

The current long-term treatment of MS aims to prevent both clinical relapses
and progression of disability. Unfortunately, treatments used in the clinical prac-
tice have a modest impact on degenerative loss of axons, loss of oligodendrocytes,
and demyelination, while profoundly influencing inflammation (Bates 2011). The
first-line treatments, glatiramer acetate (GA), and interferon-β reduce the number
of relapses by about one-third. But GA does not prevent disability progression
(La Mantia et al. 2010), while the effect of interferon-β on disability progres-
sion is somewhat controversial, and the impact is minor at best (Bates 2011;
La Mantia et al. 2012). Natalizumab, a humanized monoclonal antibody, pre-
vents the transmigration of T cells to the CNS compartment and thus has
a profound effect on inflammation, relapse rate, and active lesions on MRI
(Pucci et al. 2011); nevertheless, short-term effect on disability progression is
more modest (Weinstock-Guttman et al. 2011; Pucci et al. 2011). The oral fin-
golimod, which retains naive and central memory T cells within the lymph nodes
due to downmodulation of sphingosine 1-phosphate (S1P) receptors, significantly
reduces annualized relapse rate; but the risk of disability progression was not sig-
nificant compared to placebo (Pinschewer et al. 2011; Devonshire et al. 2012).
While much emphasis was put on the prevention of inflammation and degenera-
tive axonal loss, prevention of demyelination and loss of oligodendrocytes were
less explored. This would be important considering that pattern III and IV MS are
characterized by profound loss of oligodendrocytes (Lucchinetti et al. 2000). Thus,
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treatments should target not only the inflammatory reaction but also aim to pre-
vent oligodendrocyte loss and demyelination, or promote remyelination. The latter
conception has already been addressed by the monoclonal antibody against lingo
(Mi et al. 2007).

Ideally, treatments should target both inflammatory and primary/secondary de-
generative processes, which may most probably improve the efficacy of treatments
by both reducing relapses and preventing progression of disability. One possibil-
ity would be the combination of different therapies. On the other hand, one can
target molecules, which are universally important in inflammation, cellular stress,
degeneration, and apoptosis.

15.3 Role of Poly(ADP-ribose) Polymerase (PARP)
and Mitochondria in Cell Death

Poly(ADP-ribose; PAR) polymerase-1 (PARP-1; EC 2.4.2.30) is a 116-kDa nuclear
enzyme present in eukaryotes in high copy numbers. PARP-1 functions as a DNA
damage sensor and signaling molecule binding to both single- and double-stranded
DNA breaks. Upon binding to damaged DNA, PARP-1 forms homodimers and cat-
alyzes the cleavage of NAD into nicotinamide andADP-ribose using the latter to syn-
thesize branched PAR polymers covalently attached to nuclear acceptor proteins in-
cluding itself (de Murcia et al. 1986), histones (Tanuma et al. 1985), several transcrip-
tion factors, DNA replication factors, and signaling molecules (Oliver et al. 1999;
Kannan et al. 1999; Oei and Shi 2001; Cervellera and Sala 2000; Ariumi et al. 1999;
Wesierska-Gadek et al. 1996). PAR polymers are rapidly degraded by PAR glyco-
hydrolase and ADP-ribosyl protein lyase as it is indicated by their short (∼ 1 min)
half-life (Whitacre et al. 1995).

Biological effects of PARP-1 activation involve enhancement of DNA repair,
maintenance of genomic integrity, replication, transcription, and proteasomal pro-
tein degradation (Burkle 2001). However, excessive DNA damage in oxidative stress
induces overactivation of PARP-1 leading to depletion of its substrate NAD+ that,
in turn, causes ATP depletion because of the high energy demand of NAD+ resyn-
thesis, and results in necrotic cell death (Berger and Berger 1986). On the other
hand, a mild-to-moderate level of oxidative stress and PARP-1 activation may initi-
ate apoptosis via mitochondrial depolarization resulting in the release of cytochrome
c, second mitochondria-derived activator of caspase/direct inhibitor of apoptosis-
binding protein with low PI (Smac/Diablo), or AIF, and endonuclease G from the
mitochondrial intermembrane space (Halmosi et al. 2001; Yu et al. 2002; Tapodi
et al. 2005; van Wijk and Hageman 2005). AIF and endonuclease G translocation
from mitochondria to the nucleus induces DNA fragmentation, which is consid-
ered an irreversible step in cell death and is caspase-independent (Yu et al. 2002;
Li et al. 2001), while cytochrome c release induces caspase-dependent apoptotic cell
death (Liu et al. 1996). In caspase-7- and caspase-3-mediated apoptosis, PARP-1 is
cleaved by these caspases into p89 and p24 fragments (Tewari et al. 1995) resulting
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in the inactivation of the enzyme. The existence of this positive feedback regulation
indicates the importance of blocking PARP-1 activation, thereby preserving cellular
energy for ATP-dependent steps of apoptosis (Herceg and Wang 1999). Furthermore,
cleavage-mediated inactivation of PARP-1 is necessary to release some elements of
the apoptotic machinery, such as the human Ca2+- or Mg2+-dependent endonuclease,
from PARylation-mediated inhibition (Boulares et al. 2001). However, depending on
cell type, culture condition, and apoptosis inducers used, PARP-1 inhibitors attenu-
ated, did not affect or augmented apoptosis indicating that PARP could be dispensable
for most forms of apoptosis (Virag and Szabo 2002).

How PARP-1 activity is communicated to mitochondria is still obscure, although
involvement of PAR-binding (Yu et al. 2006) protein kinase C (Sarker et al. 2001)
and protein kinase B/Akt (Veres et al. 2003), the mitogen-activated protein ki-
nases (MAPKs; O’Brien et al. 2001), and MAPK phosphatase-1 (Racz et al. 2010)
was indicated. Regardless of the mechanism, the cross-talk between PARP-1 and
mitochondria determines survival or death of the cells in various diseases.

15.4 The Cuprizone Model of Multiple Sclerosis

Cuprizone, oxalic acid bis(cyclohexylidene hydrazide) is a copper chelator, which
can cause loss of weight, demyelination, astrogliosis, microglia infiltration, and hy-
drocephalus in the brain of C57BL/6 mice. In experiments, cuprizone is usually given
in a diet at a concentration of 0.2–0.3 % to 6–9-week-old male mice. Higher concen-
tration and younger age cause high mortality while older mice are more resistant.
The pattern of demyelination depends on the strain and the toxic effects are different
in distinct animal models (Taylor et al. 2009; Skripuletz et al. 2011). In the most
widely used strain, C57BL/6 mice, demyelination and oligodendrocyte loss have
been universally shown in the corpus callosum, the superior cerebellar peduncles,
and anterior commissure while optic nerves, velum medullare anterior, the spinal
cord, and the sciatic nerves remain unaffected (Kipp et al. 2009; Komoly 2005).
Recent data indicated that the cerebellum, hippocampus, and the caudate-putamen
might be also affected. Although there are differences in susceptibility between male
and female mice in certain strains, de- and remyelination and glial reactions revealed
no gender differences in C57BL/6 mice (Taylor et al. 2010).

The mechanism of oligodendrocyte loss and demyelination is not well under-
stood. It seems that the primary targets are mature oligodendrocytes. Mitochondrial
dysfunction and disturbed cellular respiration have been long suspected. Formation
of mega-mitochondria in liver was an early observation (Tandler and Hoppel 1973).
Similar giant mitochondria can be observed in oligodendrocytes as early as 3 days af-
ter cuprizone treatment along with downregulation of myelin genes (Komoly 2005).
Indeed, cuprizone can induce changes in levels and function of a set of mitochon-
drial enzymes before myelin loss is apparent: activity of monoamine oxidase (MAO),
cytochrome oxidase, and superoxide dismutase are reduced while activity of succi-
nate dehydrogenase is increased (Venturini 1973; Russanov and Ljutakova 1980).
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Carbonic anhydrase II (CA II), widely used as an immunohistochemical marker for
oligodendrocytes, has an important function in maintaining the myelin sheath and
maturation of oligodendrocytes (Cammer and Brion 2000; Cammer 1998). CA II
also buffers acute changes in pH of the brain and oligodendrocytes and prevents
acidosis (Kida et al. 2006; Ro and Carson 2004). A rapid decline in the activity of
CA II can be observed in the brain of cuprizone- treated animals well before demyeli-
nation, similarly to MAO and cytochrome oxidase (Komoly et al. 1987). However,
there is no explanation why a disturbed energy metabolism and mitochondrial dys-
function affects exclusively oligodendrocytes in the CNS and what is the reason of
a preferential regional distribution of demyelination.

Since cuprizone is a copper chelator, copper deficiency has been considered to
play a role in cuprizone toxicity. Although cuprizone induces copper deficiency
in serum and brain, administration of copper could not protect against cuprizone-
induced oligoendrocyte death (Carlton 1967). Chelating other heavy metals, such as
Zn2+, Fe2+, or Mn2+ has also been considered (Venturini 1973; Zatta et al. 2005).
Metabolites of cuprizone are unlikely to contribute since there is no evidence of
metabolization.

The induced microglia activation may also impact demyelination by the pro-
duction of proinflammatory cytokines, toxic metabolites, and enzymes (Pasquini
et al. 2007). However, recent data indicate that microglia can already support remyeli-
nation at the onset of demyelination and it can express cytokines and chemokines,
which activate and recruit endogenous oligodendrocyte precursors to the lesion site
and deliver trophic support during remyelination (Olah et al. 2012; Mason et al. 2001;
Arnett et al. 2001). At the onset of visible demyelination, week 3, microglia occur;
they peak after 4.5 weeks and decline thereafter and become almost undetectable by
week 6. Although microglia isolated from the demyelinated areas induced by cupri-
zone are potent antigen-presenting cells in vitro, T cells in such areas are not activated
(Remington et al. 2007). Indeed, absence of T and B cells does not affect cuprizone-
induced demyelination. In contrast to EAE, lymphocyte infiltration is controversial:
B and T cells have been described to be missing, minor, or do not localize to de-
myelinating areas, and the blood–brain barrier remains intact (Remington et al. 2007;
Hiremath et al. 2008). The vast number astrocytes in the demyelinating areas may
also contribute to oligodendrocyte death (Kim et al. 2012). Astrocytes appear after
3 weeks and number of astrocytes peaks around week 5 (Skripuletz et al. 2011).

An interesting issue of the cuprizone model is spontaneous remyelination. The
mRNA of myelin proteins produced by mature oligodendrocytes are downregulated
after 3 days and decreased by 90 % after 3 weeks of cuprizone treatment, and in-
crease afterward despite of exposure (Morell et al. 1998; Jurevics et al. 2002).
Similar decline in proteins with different temporal patterns can be observed after 3
weeks reaching the maximum at 5 weeks: the compact myelin basic protein (MBP) is
affected first and transmembrane protein PLP the last. Half of the mature oligodendro-
cytes disappear in the corpus callosum by week 2 and demyelination becomes evident
after 3 weeks. Almost complete loss of mature oligodendrocytes can be observed af-
ter 4–5 weeks of cuprizone treatment. (Skripuletz et al. 2011). Nevertheless, during
this period, a high number of new proliferating Ng2+ oligodendrocyte precursor cells
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enter the corpus callosum, reaching a peak at weeks 4–4.5, suggesting that precursor
recruitment and differentiation are not affected (Matsushima and Morell 2001; Gudi
et al. 2009). Mature oligodendrocytes can be detected at low numbers at week 5 and
reach more than 50 % by week 6. Expression of proteins during remyelination follows
the same temporal profile as during demyelination. Thus, a partial remyelination is
evident between 3 and 6 weeks with upregulation of promyelination factors IGF-1
and FGF-2 (Matsushima and Morell 2001; Mason et al. 2001). IGF-1 is produced by
reactive astrocytes, while IGF-1 receptor is expressed by immature oligodendrocytes
during early remyelination (Komoly et al. 1992). BDNF, GDNF, CNTF, and HGF
may also play a role by regulating the numbers of progenitors and the abilities of
demyelinating and differentiating cells to express myelin proteins (VonDran et al.
2011; Gudi et al. 2011). When cuprizone exposure is suspended, there is a rapid gain
in body weight and the affected CNS areas completely remyelinate. However, despite
completed remyelination, axonal degeneration continues to progress at a low level
and becomes functionally apparent in the long term (Manrique-Hoyos et al. 2012).

15.5 The Role of Poly (ADP-Ribose) Polymerase
in Oligodendrocyte Death and Callosal Demyelination
Induced by Cuprizone and in Central Nervous System
Plaques of Multiple Sclerosis

In MS patients, inflammation and demyelination, associated with oligodendro-
cyte loss, manifests in sporadic lesions that appear as hyperintensive spots on
nuclear magnetic resonance (MR) images (Fig. 15.1a). It is very advantageous in
the cuprizone model that demyelination mostly occurs in the corpus callosum, the
superior cerebellar peduncles, and anterior commissure (Komoly 2005) enabling
semiquantitative determination of its magnitude. T2-weighted spin-echo MR serial
sections (Fig. 15.1b) were analyzed and signal intensities were normalized to that
of a tube of glycerol–water mixture providing a measure of demyelination in the
corpus callosum of cuprizone-treated mice. Very intense demyelination occurred
after 3 weeks of cuprizone exposure that was mostly prevented by cotreating the
animals with the PARP inhibitor (Fig. 15.1b, c). Myelin loss was confirmed by
immunoblotting utilizing antibody against MBP from excised corpus callosum sam-
ples (Fig. 15.1d). These results show that in the degenerative rodent model of MS,
similar to its autoimmune model EAE (Scott et al. 2004), PARP inhibition effec-
tively diminished the deleterious effect of the disease. Recently, PARP-1 inhibitors
were found to reduce relapse incidence and severity, number of autoreactive Th17
cells, and epitope spreading even when applied after the first phase of disease
(Cavone et al. 2011) further emphasizing the potential of PARP inhibition in MS
therapy.

Mitochondrial dysfunction and consequently elevated reactive oxygen species
(ROS) production was assumed to be involved in cuprizone- induced demyelination
(Hemm et al. 1971; Ludwin 1978). Excessive ROS production triggers activation
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Fig. 15.1 Effect of cuprizone and Poly (ADP-ribose) polymerase (PARP) inhibitor treatment on
demyelination in corpus callosum. Representative FLAIR MR image (a) of sagittal section of a
sclerosis multiplex patient’s brain is presented. Black arrows indicate SM lesions in the corpus
callosum appearing as hyperintensive spots. Representative T2-weighted spin-echo MR images (b)
of brain coronal sections and quantification (d) of T2 intensity changes in the corpus callosum
of mice treated or not (Cont. and dark gray bars) for 4 weeks with cuprizone (Cupr. and black
bars) and the PARP inhibitor 4-hydroxyquinazoline (Cupr.+Inh. and open bars). Treatment with
4-hydroxyquinazoline alone did not affect the corpus callosum (data not shown and light gray bars).
White arrows indicate hyperintensities (suggesting demyelination) or hypointensity (intact myelin
status) in corpus callosum. Data are expressed as normalized mean signal intensities ± SD of three
experiments. MBP expression in the dissected corpus callosum of mice treated for 5 weeks was
detected by immunoblotting utilizing an anti-MBP antibody. Densitometric evaluation (D) mean
pixel densities ± SD of three experiments are presented as a bar diagram (bar coloring is the same
as in c). Mean pixel densities were normalized to those of the loading control actin. *p < 0.001
compared to cuprizone group. #p < 0.001 compared to control group

of PARP via generating DNA single-strand breaks, therefore, we assessed PARP
activation by determining the end-product PAR using immunohistochemistry and
immunoblotting. We found an increased activation of PARP in the corpus callo-
sum, the specific region of cuprizone- induced oligodendrocyte death, indicating
that PARP may contribute to oligodendrocyte depletion in this model. Similar to
the cuprizone model, we observed PARP activation in oligodendrocytes of active
pattern III MS lesions (Veto et al. 2010). This observation indicated that increased
ROS production resulted from either the autoimmune inflammatory response or mi-
tochondrial injury in oligodendrocytes caused PARP activation in the brain of MS
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patients. PAR-positive cells were defined as cells with strong PAR immunoreac-
tivity within the nuclei as well as in the cytoplasm, including cell processes; in
the majority of these cells, PAR-positive nuclei appeared condensed and in part
fragmented suggesting apoptosis; in addition, cytoplasmic PAR reactivity revealed
signs of cell degeneration consistent of in part fragmented cell processes and cyto-
plasmic vacuolization (Veto et al. 2010). In active pattern III MS lesions, a much
higher number of PAR-positive nuclei were present suggesting a higher ROS pro-
duction rate in developing lesions compared to those following other patterns of
demyelination (Fischer et al. 2012; Haider et al. 2011). It is worth noting that in
agreement with the short half-life of PAR polymers, only a fraction of the nuclei were
PAR-positive.

Elevated ROS activate extracellular signal-regulated kinase (ERK) that phospho-
rylates Ser372 and Thr373 of PARP, thereby fully activating it (Kauppinen et al. 2006).
Accordingly, we observed increased phosphorylation of ERK upon cuprizone treat-
ment. Overactivation of PARP induces increased inflammatory response by elevating
the expression of nuclear factor (NF)-κB-dependent genes (Oliver et al. 1999), pro-
motes cell death by ATP depletion in the cell, and activation of p38 MAPK (O’Brien
et al. 2001), and by destabilizing the mitochondria via c-Jun N-terminal kinase
(JNK) activation and suppression of the phosphatidyl inositol 3 kinase (PI3 K)/Akt
pathway (Tapodi et al. 2005). Destabilization of its outer membrane leads to re-
lease and nuclear translocation of AIF from mitochondria (Fig. 15.2a). Completely
in agreement with the above scheme, we observed activation of all MAPKs and
only a partial activation of the PI3 K/Akt pathway. The latter may reflect the com-
bined effect of inhibition by PARP and activation by ROS via inactivation of the
oxidation-sensitive phosphatase and tensin homologue deleted from chromosome
10 (PTEN) that inhibits the PI3 K/Akt pathway by dephosphorylation (Zhu et al.
2006). Nuclear translocation of AIF results in chromatin condensation, large-scale
DNA fragmentation (> 50 kbp) and cell death in a caspase-independent manner
(Lorenzo and Susin 2004). Indeed, we were not able to detect cleaved caspase-3
in the corpus callosum of cuprizone- treated mice by immunoblotting or measure
caspase-3 activity by using fluorescent substrate in agreement with previous find-
ings (Pasquini 2007; Copray et al. 2005). Similarly, caspase-3 activation is also not
seen in apoptotic oligodendrocytes in MS (Aboul-Enein et al. 2003). In contrast, we
observed nuclear translocation of AIF in several oligodendrocytes by immunohisto-
chemistry in cuprizone-treated mice (Veto et al. 2010). All these results suggested
that activation of PARP could significantly contribute to oligodendrocyte death and
demyelination by a caspase-independent, AIF-mediated apoptosis in the cuprizone
model. For quantification of AIF nuclear translocation in brain sections of MS pa-
tients, only those cells were counted, which showed unequivocal immunoreactivity
within their nuclei. Similar to cuprizone- induced demyelination, in pattern III MS le-
sions, we observed AIF translocation to nucleus of oligodendrocytes, which showed
elevated PARP activation (Veto et al. 2010). Therefore, we performed in vivo and
in vitro experiments to investigate the effect of PARP inhibition in the cuprizone
model.
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Fig. 15.2 Schematic diagram of the proposed molecular mechanism for the cytoprotective effect
of PARP inhibition in the cuprizone model and SM. Well-documented effects are indicated by solid
lines whereas effects involving yet unidentified mediator(s) or events are represented by a dashed
line. Lines with a pointed end denote activation, whereas those with flat end indicate inhibition.
Active processes are in bold while inhibited ones are in regular. PARP-1 activation in the cuprizone
model and SM leads to NF-κB-mediated inflammatory response, JNK-mediated mitochondrial
depolarization, and AIF- and p38-mediated cell death (a). The PI3 K/Akt pathway is inhibited
by the PARP activation, therefore, fails to protect the mitochondria. Inhibition of PARP (large X)
suppresses NF-κB, p38 and JNK activation, and relieves the PI3 K/Akt pathway from the inhibition
shifting the balance to mitochondrial protection and cell survival (b)
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The PARP inhibitor diminished demyelination and oligodendrocyte loss as it was
revealed by serial in vivo nuclear MRI, semiquantitative histology, MBP immuno-
histochemistry, and MBP immunoblotting. Next, we explored the effect of the PARP
inhibitor on kinase pathways, which may possibly regulate oligodendrocyte death in
the corpus callosum. We observed that cuprizone-induced phosphorylation of JNK in
the corpus callosum was attenuated by PARP inhibition suggesting the involvement
of JNK in the AIF-dependent cuprizone-induced oligodendrocyte death. Similarly,
activation of p38 MAPK in the corpus callosum upon the administration of cuprizone
was also attenuated by the PARP inhibitor. Cuprizone- induced ERK1/2 activation
in the corpus callosum was not affected by the PARP inhibitor, which is in agree-
ment with the notion that ERK1/2 pathway is upstream to PARP activation (Tang
et al. 2002; Kauppinen et al. 2006). In conclusion, all effects of PARP inhibition
on the MAPK pathways, i.e., suppressing JNK and p38 activation while not affect-
ing ERK, could promote OL survival. Cuprizone-induced Akt phosphorylation was
further enhanced by coadministration of the PARP inhibitor. Furthermore, PARP
inhibition alone caused phosphorylation of Akt in accordance with previous find-
ings (Tapodi et al. 2005; Veres et al. 2003). Akt phosphorylates the BH3 domain
protein Bad, preventing it from forming heterodimers with other proapoptotic BH3
domain proteins and destabilizing the mitochondrial membrane (Datta et al. 1997).
Accordingly, activation of Akt prevented neuronal apoptosis by inhibiting translo-
cation of AIF to the nucleus (Kim et al. 2007), by protection of oligodendrocytes
against TNF-induced apoptosis (Pang et al. 2007) and by phosphorylating the respec-
tive upstream kinases and it decreased activity of JNK and p38 MAPK (Barthwal
et al. 2003; Park et al. 2002). Based on these data, our results may suggest that in
response to cuprizone, the cytoprotective PI-3 K/Akt pathway became activated, al-
though it was insufficient to prevent oligodendrocyte death. Additional activation by
PARP inhibition could be sufficient to protect oligodendrocytes against apoptosis,
mediated partially by reduced activation of JNK and p38 MAPK and maintain-
ing the integrity of the mitochondrial membrane systems, thus preventing nuclear
translocation of AIF (Fig. 15.2b).

15.6 Inhibition of Poly (ADP-Ribose) Polymerase in
Experimental Models and in the Clinical Practice;
Poly (ADP-Ribose) Polymerase Inhibitors

The role of PARP activation and the effect of inhibition have been examined in several
models of MS and partially in patients.

The role of PARP in inflammatory processes has been extensively studied. A num-
ber of studies implicate oxygen-derived free radicals such as superoxide and hydroxyl
radical and high-energy oxidants such as peroxynitrite as mediators of inflammation
and endotoxic shock. Elevated ROS induce DNA single-strand breaks that, in turn,
activate PARP leading to eventual necrotic cell death. PARP inhibitors, as well as
knocking out the PARP-1 gene, resulted in diminished inflammatory response and
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resistance against inflammatory damage in various cellular and animal models. This
suggests an interaction between PARP-1 and NF-κB, the key transcription factor
regulator of the expression of proinflammatory mediators as well as signaling and
adhesion molecules. PARP-1-deficient mice were found to be resistant to bacte-
rial lipopolysaccharide (LPS)-induced endotoxic shock, and PARP-1-deficient cells
were defective in tumor necrosis factor α (TNFα)-induced expression of cytokines,
chemokines, adhesion molecules, and inflammatory mediators such as inducible ni-
tric oxide synthase and cyclooxygenase (Oliver et al. 1999). Together with reports
utilizing various PARP inhibitors (Hauschildt et al. 1991, 1992; Pellat-Deceunynck
et al. 1994; Szabo et al. 1998), these results clearly indicated that PARP protein
and/or PARP activity is necessary for the expression of NF-κB- dependent genes.
This mechanism was regarded as the molecular basis for the anti-inflammatory effect
of PARP inhibitors and resistance of PARP-deficient mice against endotoxic shock.
However, we have found that PARP inhibition activated the PI3 K/Akt pathway in
lung, liver, and spleen and downregulated LPS-induced activation of ERK1/2 and p38
MAPK in a tissue-specific manner in a murine endotoxic shock model (Veres et al.
2003, 2004). In an oxidative stress model, we demonstrated that inhibition of the PI3
K/Akt pathway counteracted the cytoprotective effect of PARP inhibition (Tapodi
et al. 2005). Furthermore, we showed that upregulation of MKP-1 expression by
PARP-1 inhibition resulted in inactivation of the proinflammatory and proapoptotic
JNK and p38 MAPK, and that this significantly contributed to the observed cyto-
protection (Racz et al. 2010). These results suggest that regulation of these kinase
signaling pathways by PARP inhibition could significantly contribute to its protective
effects in the inflammatory models.

Recent data uniformly indicate that activation of PARP-1 is characteristic of sev-
eral EAE models and EAE can be fundamentally altered by inhibition of PARP-1,
suggesting its basic role in CNS autoimmune inflammation. Immunostaining for
PAR, the enzymatic product of PARP-1, showed PARP-1 activation in plaque areas
of EAE induced in the marmoset model of relapsing–remitting MS. Marked activa-
tion was found in astrocytes surrounding demyelinated EAE plaques and in scattered
nearby microglia, oligodendrocytes, and neurons (Kauppinen et al. 2005). Choles-
terol breakdown product 7-ketocholesterol-activated PARP-1 in microglial cells and
induced neuronal damage via the activation and migration of microglial cells linking
demyelination and progressive neuronal damage (Diestel et al. 2003). Higher serum
concentrations of 15α-hydroxicholestene were found in patients with secondary pro-
gressive MS (SPMS) and in mice with secondary progressive EAE, which activated
microglia, macrophages, and astrocytes through a pathway involving PARP-1 (Farez
et al. 2009). Inhibition of PARP-1 ameliorated the clinical signs of EAE, postponed
its onset, reduced the mortality, and suppressed the progression of EAE in several
models (Scott et al. 2004; Farez et al. 2009; Cavone et al. 2011; Chiarugi 2002).
Earlier, onset of EAE and a more severe course were observed in PARP-1-deficient
mice characterized by B cell expansion, and CD4+ T lymphocyte and macrophage
infiltrated into the CNS, but cytokine profiles were not different (Selvaraj et al. 2009).

In MS, activation of PARP and the nuclear translocation of AIF were very sim-
ilar to that observed in cuprizone- induced demyelination as discussed previously.
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These data indicate that pattern III MS characterized by oligodendrocyte apopto-
sis and cuprizone-mediated toxic oligodendrocyte death share molecular pathways;
cuprizone might be a degenerative model of MS, while EAE models autoimmune
inflammation; and inhibition of PARP, which effectively ameliorated demyelination
and prevented oligodendrocyte death, is a feasible therapy of MS (Veto et al. 2010).
PARP-1 activity was higher in monocytes of patients with SPMS, suggesting that
PARP-1 pathway is a potential new therapeutic target in SPMS (Farez et al. 2009).
Altogether, these experimental and human data indicate that inhibition of PARP
effectively targets basic aspects of MS: autoimmune inflammation, demyelination
accompanied by oligodendrocyte death, and probably axonal degeneration respon-
sible for secondary progression. Such an approach targeting several pathogenetic
pathways by inhibiting a single enzyme may be an alternative of combining different
compounds.

Numerous PARP-1 inhibitors, including iniparib (BiPar Sciences Inc./Sanofi-
Aventis), olaparib (AstraZeneca plc), veliparib (Abbott Laboratories), PF-1367338
(Pfizer Inc.), MK-4827 (Merck & Co Inc.), and CEP-9722 (Cephalon Inc.), have
already advanced into clinical trials. The major focus is primarily oncology, both
as monotherapy in specific patient populations (e.g., BRCA-deficient) and as com-
bination with other chemotherapeutics. The first phase I clinical trial was carried
out between 2003 and 2005 in patients with advanced solid tumors, where PARP
inhibitor was combined with the alkylating agent temozolomide. The 33 patients
tolerated the treatment well (Plummer et al. 2008). At present, about 50 trials are
registered including a phase III trial in patients with lung cancer (ECLIPSE). The
majority of the trials combine a PARP inhibitor with a standard chemotherapeu-
tic agent in patients with skin and solid tumors. Besides chemopotentiation, PARP
inhibitors can also act as radiosensitizers. Enhanced response of tumor cells to ra-
diation has been shown for several PARP inhibitors, and several phase I clinical
trials have been started to examine the effect of combined radiation therapy and
PARP inhibition in patients with primary and secondary brain tumors. Nevertheless,
PARP inhibitors are also used as single agents based on the concept of “synthetic
lethality”: mutation in either of two genes has no effect but combination of the
mutation results in cell death (Mégnin-Chanet et al. 2010). Accordingly, cells with
insufficient double-strand break repairs caused by BRCA1 and BRCA2 deficiency
are hypersensitive to PARP inhibition due to the blockade of single-strand repair
(Bryant et al. 2005; Farmer et al. 2005). In the initial proof of concept study with the
oral PARP1 inhibitor olaparib, 28 % of ovarian cancer patients with BRCA mutation
achieved an objective response (Fong et al. 2009). Recently, responses have also been
observed in patients without BRCA mutations but with a dysfunction of the homol-
ogous recombination system (e.g., PTEN mutations, ATM deficiency), which makes
them more sensitive to the antitumor agents, which cause double-strand breaks of
DNA (Sessa 2011).

While PARP inhibitors have never been examined in patients with MS, compounds
with a PARP- inhibitory property and already in clinical practice have been tested in
animal models of MS and in patients with MS. Tetracycline derivatives, including
minocycline, have neuroprotective effects, which have been attributed to reduced
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inflammation and a direct effect on cell death. Neuronal cell death caused by excito-
toxicity and ionizing radiation in vitro could be reduced by minocycline treatment.
In addition, increased cell survival was obvious in animal models of degenerative
neurological diseases after treatment (Yrjänheikki et al. 1998; Du et al. 2001; Chen
et al. 2000; Zhu et al. 2002). Using primary cultures, minocycline was able to protect
neurons against PARP-1-mediated toxicity at submicromolar concentrations. When
different tetracycline derivatives were compared, the neuroprotective property di-
rectly correlated with the potency of PARP inhibition (Alano et al. 2006). Recently,
the protective effect of minocycline on cardiac myocyte survival has also been at-
tributed to the inhibition of PARP-1 activity (Tao et al. 2010). Many other effects
of minocycline have been suggested to contribute to the antiapoptotic effects. For
example, changes in mitochondrial functions favor cell survival (upregulation of bcl-
2, reduced calcium uptake, scavenging of ROS, inhibition of MAPs). Minocycline
also inhibits NF-kB in different cell types of the CNS, a transcription factor, which
plays a central role in inflammation and cell death (Si et al. 2004; Orio et al. 2010;
Cai et al. 2010). Effects of minocycline have been extensively studied in different
animal models of MS and on human cell populations. The anti-inflammatory effects
of minocycline are linked to inhibition of antigen processing, T cell proliferation,
proinflammatory cytokine production, activation of MMPs, production of MMPs,
reactivation of T cells within the CNS, and microglial activation; minocycline also
promotes Th2 shifting. The antiapoptotic effects described in other models have also
been found, including the induction of antiapoptotic intracellular signaling path-
ways, decreased glutamate excitotoxicity, decreased production of ROS and NOS,
sequestration of excess calcium, and decreased iron deposition (Chen et al. 2011).
Importantly, all these outcomes can be the result of PARP inhibition, which is a
coactivator of NF-kB besides a number of other transcription factors; blocking such
a central pathway of cell death, inflammation, and cellular stress could be respon-
sible for all the observed results. Minocycline is able to exert its PARP-inhibitory
effect at a far lower concentration than that required for the observed singular effects,
nevertheless, it could trigger the same results through the inhibition of NF-kB and
its downstream pathways (Ha et al. 2002; Alano et al. 2006).

Most of the experimental work and a few clinical trials in MS addressed the
anti-inflammatory properties of minocycline, thus used the autoimmune animal
model of MS, EAE. Several studies indicated that minocycline as monotherapy
was able to prevent lethal EAE, decreased the severity of both mild and severe
EAE, and optic neuritis in rats and mice (Popovic et al. 2002; Brundula et al. 2002;
Maier et al. 2007; Nikodemova et al. 2010). Combination with immunomodula-
tory agents, such as interferon-β, GA, atorvastatin, and glucocorticosteroids was
effective in decreasing clinical sores, improving MRI, and pathological outcomes in
both acute and chronic phase of EAE (Giuliani et al. 2005a; Giuliani et al. 2005b;
Chen et al. 2010; Luccarini et al. 2008).

Recently, the effect of minocycline on the degenerative aspects of MS and in
degenerative MS models has been also examined. Intraperitoneal daily treatment
with minocycline beginning on the day of cuprizone feeding had a beneficial effect
on cortical and callosal demyelination, but the number of oligodendrocytes and
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precursor cells were not affected. Minocycline did not reduce astrogliosis and did not
prevent microglia activation in the corpus callosum either (Skripuletz et al. 2010). In
myelinating aggregating brain cell cultures treated simultaneously with interferon-
γ and LPS, minocycline inhibited microglial activation, attenuated the increased
phosphorylation of MAP kinases, and promoted remyelination by enhancing the
differentiation of OPCs and immature oligodendrocytes (Defaux et al. 2011).

The first pilot study with minocycline was carried out in 2004 in 10 patients with
relapsing-remitting MS (RRMS). The patients received 100 mg minocycline twice
daily orally for 6 months. The trial was extended to 36 months (Metz et al. 2004;
Zabad et al. 2007; Zhang et al. 2008). In contrast to four relapses during the 3-
month period before minocycline therapy, only seven relapses occurred during the
3-year treatment, and six patients remained relapse-free. The number of enhancing
lesions decreased by 93 % and local brain atrophy was also reduced. The treatment
was well tolerated. Two additional trials examined the additive effect of minocy-
cline in combination with GA. One in vitro study found that activation of myeloid
peripheral blood monocyte-derived dendritic cells were affected by the combined
treatment in both MS and healthy controls (Ruggieri et al. 2008). A multicenter,
double-blind, placebo-controlled, phase II clinical trial examined the effect of add-
on monocyline in 44 patients with RRMS, who had at least one enhancing lesion
and were treated with GA. Twice daily 100 mg oral minocycline reduced the number
of enhancing lesions by 63 %, new and enlarging T2 lesions by 65 %, and the total
T2 disease burden; the risk of relapse was also lower. However, none of the differ-
ences were significant. No safety problem arose and the treatment was well tolerated
(Metz et al. 2009).

15.7 Summary

The current treatment options in MS have a profound effect on inflammation, nev-
ertheless, degenerative aspects of the disease are less targeted. To improve therapy,
either a combination of treatments targeting inflammation and degenerative pro-
cesses, or treatment with combined anti-inflammatory and antiapoptotic properties
may be considered. As for demyelination, theoretically treatments preventing de-
myelination and oligodendrocyte loss or promoting remyelination could be applied;
the latter strategy has been addressed by monoclonal antibody against lingo already
in an ongoing clinical trial. Recently, we explored the other option and examined
if a treatment with anti-inflammatory as well as antiapoptotic effects may influence
oligodendrocyte loss in the CNS.

We chose to target the nuclear enzyme of PARP, which functions as a DNA
damage sensor and signaling molecule binding to both single- and double-stranded
DNA breaks.

Altogether, our data revealed several important issues regarding MS treatment and
research: (1) indicated that activation of PARP and mitochondrial death pathways
could be central of degenerative oligodendrocyte loss in MS; (2) based on the similar
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molecular mechanisms, indicated that the cuprizone model can be a model of MS
regarding such processes, similarly as EAE can be a model of autoimmune inflam-
mation; and (3) indicated for the first time that a strategy to target a single molecule
involved in both inflammation and cell death, could be an alternative option to a
combination of treatments. Since PARP activity is necessary for the expression of
NF-κB- dependent genes, the anti-inflammatory effect of PARP inhibitors is not sur-
prising and could well explain the profound effect on preventing EAE, ameliorating
the clinical signs, mortality, and delayed onset of EAE.

Compounds with PARP-inhibitory properties have already been examined in MS.
The tetracycline derivatives, including minocycline have neuroprotective effects;
minocycline was able to protect neurons against PARP-1-mediated toxicity at sub-
micromolar concentrations and the neuroprotective property directly correlated with
the potency of PARP inhibition. Minocycline also inhibits NF-kB in different cell
types of the CNS; this effect together with the other outcomes such as inhibition of
matrix metalloproteinases could be all attributed to the upstream inhibition of PARP.
Minocycline alone or in combination with GA suggested the possible efficacy of the
treatment and potential to try in phase III clinical trials. In addition, the treatment
was safe and well tolerated.

More importantly, numerous selective PARP-1 inhibitors, including iniparib
(BiPar Sciences Inc./Sanofi-Aventis), olaparib (AstraZeneca plc), veliparib (Abbott
Laboratories), PF-1367338 (Pfizer Inc.), MK-4827 (Merck & Co Inc.), and CEP-
9722 (Cephalon Inc.), have already advanced into clinical trials. PARP inhibitors
may thus prevent clinical relapses related to inflammation and progression of dis-
ability due to axonal and oligodendrocyte loss. Another interesting option concerning
oligodendrocytes is the combination of PARP inhibition and antagonization of lingo:
this could target both demyelination /oligodendrocyte loss and induce remyelination
at the same time.

Acknowledgments This work was supported by TAMOP 4.2.1B-10/2KONV and 4.2.2B-10/1 as
well as by 34039/KA-OTKA/11–06, OTKA K77892.

References

Aboul-Enein F, Rauschka H, Kornek B, Stadelmann C, Stefferl A, Brück W, Lucchinetti C,
Schmidbauer M, Jellinger K, Lassmann H (2003) Preferential loss of myelin-associated glyco-
protein reflects hypoxia-like white matter damage in stroke and inflammatory brain diseases. J
Neuropathol Exp Neurol 62:25–33

Alano CC, Kauppinen TM, Valls AV, Swanson RA (2006) Minocycline inhibits poly(ADP-ribose)
polymerase-1 at nanomolar concentrations. Proc Natl Acad Sci U S A 103(25):9685–90

Albert M, Antel J, Brück W, Stadelmann C (2007) Extensive cortical remyelination in patients with
chronic multiple sclerosis. Brain Pathol 17:129–38

AriumiY, Masutani M, Copeland TD, Mimori T, Sugimura T, Shimotohno K, Ueda K, Hatanaka M,
Noda M (1999) Suppression of the poly(ADP-ribose) polymerase activity by DNA-dependent
protein kinase in vitro. Oncogene 18:4616–4625



332 Z. Illes et al.

Arnett HA, Mason J, Marino M, Suzuki K, Matsushima GK, Ting JP (2001) TNF alpha promotes
proliferation of oligodendrocyteprogenitors and remyelination. Nat Neurosci 4:1116–1122

Babbe H, RoersA, WaismanA, Lassmann H, Goebels N, Hohlfeld R, Friese M, Schröder R, Deckert
M, Schmidt S, Ravid R, Rajewsky K (2000) Clonal expansion of CD8+ T cells dominate the T
cell infiltrate in active multiple sclerosis lesions as shown by micromanipulation and single cell
polymerase chain reaction. J Exp Med 192:393–404

Bagasra O, Michaels FH, Zheng YM, Bobroski LE, Spitsin SV, Fu ZF, Tawadros R, Koprowski H
(1995) Activation of the inducible form of nitric oxide synthase in the brains of patients with
multiple sclerosis. Proc Natl Acad Sci U S A 92:12041–12045

Barnett MH, Prineas JW (2004) Relapsing and remitting multiple sclerosis: pathology of the newly
forming lesion. Ann Neurol 55:458–468

Barthwal MK, Sathyanarayana P, Kundu CN, Rana B, Pradeep A, Sharma C, Woodgett JR, Rana
A (2003) Negative regulation of mixed lineage kinase 3 by protein kinase B/AKT leads to cell
survival. J Biol Chem 278:3897–3902

Bates D (2011) Treatment effects of immunomodulatory therapies at different stages of multiple
sclerosis in short-term trials. Neurology 76(1 Suppl 1):S14–S25

Berger NA, Berger SJ (1986) Metabolic consequences of DNA damage: the role of poly (ADP-
ribose) polymerase as mediator of the suicide response. Basic Life Sci 38:357–363

Bizzozero OA, Dejesus G, Callaha K, PastuszynA (2005) Elevated protein carbonylation in the brain
white matter and grey matter of patients with multiple sclerosis. J Neurosci Res 81:687–695

Bolanos JP, Almeida A, Stewart V, Peuchen S, Land JM, Clark JB, Heales SJ (1997) Nitric oxide
mediated mitochondrial damage in the brain: mechanisms and implication for neurdegenerative
diseases. J Neurochem 68:2227–2240

Boulares AH, Zoltoski AJ, Contreras FJ, Yakovlev AG, Yoshihara K, Smulson ME (2001) Regu-
lation of DNAS1L3 endonuclease activity by poly(ADPribosyl)ation during etoposide-induced
apoptosis. Role of poly(ADP-ribose) polymerase-1 cleavage in endonuclease activation. J Biol
Chem 277:372–378

Brundula V, Rewcastle NB, Metz LM, Bernard CC, Yong VW (2002) Targeting leukocyte MMPs
and transmigration: minocycline as a potential therapy for multiple sclerosis. Brain 125
(Pt 6):1297–1308.

Bryant HE, Schultz N, Thomas HD, Parker KM, Flower D, Lopez E, Kyle S, Meuth M, Curtin NJ,
Helleday T (2005) Specific killing of BRCA2-deficient tumours with inhibitors of poly(ADP-
ribose) polymerase. Nature 434(7035):913–917

BurkleA (2001) Physiology and pathophysiology of poly(ADPribosyl)ation. Bioessays 23:795–806
Cai ZY, Yan Y, Chen R (2010) Minocycline reduces astrocytic reactivation and neuroinflammation

in the hippocampus of a vascular cognitive impairment rat model. Neurosci Bull 26(1):28–36
Cammer W (1998) Glial-cell cultures from brains of carbonic anhydrase II-deficient mutant mice:

delay in oligodendrocyte maturation. Neurochem Res 23:407–412
Cammer WB, Brion LP (2000) Carbonic anhydrase in the nervous system. EXS 90:475–489
Carlton WW (1967) Studies on the induction of hydrocephalus and spongy degeneration by

cuprizone feeding and attempts to antidote the toxicity. Life Sci 6:11–19
Cavone L, Aldinucci A, Ballerini C, Biagioli T, Moroni F, Chiarugi A (2011) PARP-1 inhibition pre-

vents CNS migration of dendritic cells during EAE, suppressing the encephalitogenic response
and relapse severity. Mult Scler 17(7):794–807

Cervellera MN, Sala A (2000) Poly(ADP-ribose) polymerase is a B-MYB coactivator. J Biol Chem
275:10692–10696

Chang A, Tourtelotte WW, Rudick RA, Trapp BD (2002) Premyelinating oligodendrocytes in
chronic lesions of multiple sclerosis. N Engl J Med 346:165–200

Chen M, Ona VO, Li M, Ferrante RJ, Fink KB, Zhu S, Bian J, Guo L, Farrell LA, Hersch SM, Hobbs
W, Vonsattel JP, Cha JH, Friedlander RM (2000) Minocycline inhibits caspase-1 and caspase-3
expression and delays mortality in a transgenic mouse model of Huntington disease. Nat Med
6:797–801



15 A Novel Concept of Treatment in MS 333

Chen X, Ma X, JiangY, Pi R, LiuY, Ma L (2011) The prospects of minocycline in multiple sclerosis.
J Neuroimmunol 235(1–2):1–8

Chen X, Pi R, Liu M, Ma X, JiangY, LiuY, Mao X, Hu X (2010) Combination of methylprednisolone
and minocycline synergistically improves experimental autoimmune encephalomyelitis in C57
BL/6 mice. J Neuroimmunol 226(1–2):104–109

Chiarugi A (2002) Inhibitors of poly(ADP-ribose) polymerase-1 suppress transcriptional activa-
tion in lymphocytes and ameliorate autoimmune encephalomyelitis in rats. Br J Pharmacol
137(6):761–770

Copray JCVM, Küst BM, Mantingh-Otter I, Boddeke HWGM (2005) p75NTR independent oligo-
dendrocyte death in cuprizone-induced demyelination in C57BL/6 mice 2005. Neuropath Appl
Neuro 31:600–609.

Cross AH, Manning PT, Keeling RM, Schmidt RE, Misko TP (1998) Peroxynitrite formation within
the central nervous system in active multiple sclerosis. J Neuroimmunol 88:45–56

Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y, Greenberg ME (1997) Akt phosphorylation
of BAD couples survival signals to the cell-intrinsic death machinery. Cell 91:231–241

de Murcia G, Huletsky A, Lamarre D, Gaudreau A, Pouyet J, Daune M, Poirier GG (1986) Mod-
ulation of chromatin superstructure induced by poly(ADP-ribose) synthesis and degradation.
J Biol Chem 261:7011–7017

Defaux A, Zurich MG, Honegger P, Monnet-Tschudi F (2011) Minocycline promotes remyelina-
tion in aggregating rat brain cell cultures after interferon-γ plus lipopolysaccharide-induced
demyelination. Neuroscience 187:84–92

Devonshire V, Havrdova E, Radue EW, O’Connor P, Zhang-Auberson L, Agoropoulou C, Häring
DA, Francis G, Kappos L; for the FREEDOMS study group (2012) Relapse and disability
outcomes in patients with multiple sclerosis treated with fingolimod: subgroup analyses of
the double-blind, randomised, placebo-controlled FREEDOMS study. Lancet Neurol 11(5):
420–428

Diestel A, Aktas O, Hackel D, Hake I, Meier S, Raine CS, Nitsch R, Zipp F, Ullrich O (2003)
Activation of microglial poly(ADP-ribose)-polymerase-1 by cholesterol breakdown products
during neuroinflammation: a link between demyelination and neuronal damage. J Exp Med
198(11):1729–1740

Du Y, Ma Z, Lin S, Dodel RC, Gao F, Bales KR, Triarhou LC, Chernet E, Perry KW, Nelson
DL, Luecke S, Phebus LA, Bymaster FP, Paul SM (2001) Minocycline prevents nigrostriatal
dopaminergic neurodegeneration in the MPTP model of Parkinson’s disease. Proc Natl Acad
Sci U S A 98(25):14669–14674

Dutta R, McDonough J, Yin X, Peterson J, Chang A, Torres T, Gudz T, Macklin WB, Lewis DA,
Fox RJ, Rudick R, Mirnics K, Trapp BD (2006) Mitochondrial dysfunction as a cause of axonal
degeneration in multiple sclerosis patients. Ann Neurol 59:478–89

Evangelou N, Konz D, Esiri MM, Smith S, Palace J, Matthews PM (2001) Size-selective neuronal
changes in the anterior optic pathways suggest a differential susceptibility to injury in multiple
sclerosis. Brain 124:1813–1820

Farez MF, Quintana FJ, Gandhi R, Izquierdo G, Lucas M, Weiner HL (2009) Toll-like receptor
2 and poly(ADP-ribose) polymerase 1 promote central nervous system neuroinflammation in
progressive EAE. Nat Immunol 10(9):958–964

Farmer H, McCabe N, Lord CJ, Tutt AN, Johnson DA, Richardson TB, Santarosa M, Dillon KJ,
Hickson I, Knights C, Martin NM, Jackson SP, Smith GC, Ashworth A (2005) Targeting the
DNA repair defect in BRCA mutant cells as a therapeutic strategy. Nature 434(7035):917–921

Fischer MT, Sharma R, Lim J, Haider L, Frischer J, Drexhage J, Mahad D, Bradl M, van Horssen J,
Lassmann H (2012) NADPH oxidase expression in active multiple sclerosis lesions in relation
to oxidative tissue damage and mitochondrial injury. Brain 135:886–899

Fong PC, Boss DS, Yap TA, Tutt A, Wu P, Mergui-Roelvink M, Mortimer P, Swaisland H, Lau
A, O’Connor MJ, Ashworth A, Carmichael J, Kaye SB, Schellens JH, de Bono JS (2009)
Inhibition of poly(ADP-ribose) polymerase in tumors from BRCA mutation carriers. N Engl J
Med 361(2):123–34



334 Z. Illes et al.

Frischer JM, Bramow S, Dal Bianco A, Lucchinetti C, Rauschka H, Schmidbauer M, Laursen H,
Sorensen PS, Lassmann H (2009) The relation between inflammation and neurodegeneration in
multiple sclerosis. Brain 132:1175–1189

Geurts JJ, Brakhof F (2008) Grey matter pathology in multiple sclerosis. Lancet Neurol 7:841–851
Giuliani F, Fu SA, Metz LM, Yong VW (2005a) Effective combination of minocycline and

interferon-beta in a model of multiple sclerosis. J Neuroimmunol 165(1–2):83–91
Giuliani F, Metz LM, Wilson T, Fan Y, Bar-Or A, Yong VW (2005b) Additive effect of the

combination of glatiramer acetate and minocycline in a model of MS. J Neuroimmunol
158(1–2):213–21

Gray E, Thomas TL, Betmouni S, Scolding N, Love S (2008a) Elevated myeloperoxidase activity
in white matter in multiple sclerosis. Neurosci Lett 442:195–198

Gray E, Thomas TL, Betmouni S, Scolding N, Love S (2008b) Elevated activity of microglial
expression of myeloperoxidase in demyelinated cerebral cortex in multiple sclerosis. Brain
Pathol 18:86–95
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Chapter 16
Association of Multiple Sclerosis with Other
Autoimmune Diseases

Ali Manouchehrinia, Laura J. Edwards and Cris S. Constantinescu

16.1 Multiple Sclerosis: An Immune-Mediated Disease

Since its first comprehensive clinico-pathological description by Charcot, multi-
ple sclerosis (MS) has remained a mysterious clinical entity and has represented a
fascination to scientists and clinicians of the most diverse disciplines. With an in-
completely known pathogenesis and aetiology, it has given rise to numerous theories
including the more plausible ones of infection (Ascherio and Munger 2007a, b), au-
toimmunity (Hafler and Weiner 1989) and primary neurodegenerative disease to the
more daring ones of vascular disease (Zamboni 2006), psychological abnormality or
even neurocristopathy (Behan and Chaudhuri 2010).

Over the years, however, it has become increasingly clear and substantiated
by a wealth of data that MS is an immune-mediated disorder. As such, it is not
surprising that the book aiming to summarise the newest knowledge of the key
immunopathological mechanisms of MS is starting from the premise of MS as an
immune-mediated disease. Arguments for this are strong and are reiterated at several
points in this book and will not be discussed in this chapter outside of the context of
autoimmunity.

Autoimmunity, thus, requires the next level of evidence. While many agree
that MS has immune-mediated pathogenesis, whether primary or secondary, fewer
may accept that MS is an autoimmune disease (AD). One of the frequent argu-
ments in favour of this theory is its association with other ADs (Constantinescu
and Gran 2010). In this chapter, we will briefly discuss the concept and mech-
anisms of autoimmunity, the pro and con arguments for MS being autoimmune,
the evidence for association with ADs and the mechanistic insights and therapeutic
implications.
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16.2 The Concept and General Mechanisms of Autoimmunity

Autoimmunity is the reaction of the organism’s immune system against its own pro-
teins, cells and tissues (Anaya 2012). While normal organisms have self-reactive
immune cells and some aspects of autoimmunity may be protective (Schwartz
et al. 2003; Schwartz and Kipnis 2005; Schwartz and Shechter 2010), AD occurs
when this activity of the immune system produces damage to their target tissues or
their surroundings (Antony et al. 2011).

There are several general mechanisms of autoimmunity and often a combination
of these leads to the ADs. These include a primary failure of central and peripheral
mechanisms of tolerance; the breakdown of the otherwise normal tolerance mecha-
nism due to infection and inflammatory factors overriding the tissue homeostasis; or
a genetic or acquired abnormality in the target tissue that makes it immunogenic or in-
appropriately activates danger signals from the innate immune system (Anaya 2010).
As in many ADs, these mechanisms have been investigated in MS and roles for each
or combinations of them have been postulated.

16.3 Autoimmune Diseases: Genes and Environment;
Epidemiological Perspectives

With the exception of rare inherited monogenic ADs (e.g. IPEX syndrome;
d’Hennezel et al. 2009), the most common ADs result from an interplay between
genes and environment. Not only does the relative contribution of these factors vary,
dependent on the individualAD, but it also tends to change over time, with the overall
tendency of a significant increase over the last few decades, which cannot merely be
attributed to ascertainment bias.

It has been estimated that around 5 % of the world’s population suffers from forms
of autoimmunity (Shoenfeld et al. 2008). Over the past decade several new develop-
ments and technological advances have clarified some of the mechanisms underlying
ADs. Despite this and some well-known genetic factors (mainly in HLA region)
(Zanelli et al. 2000; Thorsby and Lie 2005; 2006), most of the causal mechanisms
remain to be identified.

One way to evaluate the association of ADs is to try to appropriately collect,
correlate and assess epidemiologic evidence. Epidemiologic studies can never prove
causation, although they can suggest a causal effect in conjunction with biological
plausibility. It is essential to bear in mind that the concept underlying epidemiology is
that diseases are not randomly distributed in a population and certain characteristics
(e.g. environmental and/or genetic) make individuals susceptible or protected against
them. Therefore, epidemiologic studies can not only identify at-risk populations but
also direct us towards the association that determines the characteristics or factors
(e.g. age and sex), which put these populations at greater risk.

The estimates of the association of MS and other ADs have been controversial.
While some studies have shown higher susceptibility of MS patients to concurrent
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autoimmune or immune-mediated diseases, some suggested an inverse association.
To clarify these, one needs a clear definition of the term “association”. In a well-
designed epidemiologic study, association means coincidental occurrence of a risk
factor and the disease at a same time and does not necessarily mean the factor causes
the disease. Determination of causation requires a series of evidence that considers
epidemiology, biological mechanisms, etc. Nevertheless, it would be reasonable to
say that whether this is a positive or negative association, it will not change the
fact that certain characteristics make these individuals more or less susceptible to a
condition.

16.3.1 General Demographic Characteristics

Recognising similarities and differences among diseases facilitates identifying the
underlying pathways and may lead to identifying widespread and novel therapeutic
approaches. The studies of many ADs, and in particular MS, encounter various epi-
demiologic difficulties, which makes it hard to accurately comment on their natural
history and demographic characteristics. Significant time interval between the bio-
logical onset and clinical symptoms, the lack of pathologic evidence and the time
interval between the first clinical manifestation and definite diagnosis are some ex-
amples of epidemiologic difficulties in the field of autoimmunity and particularly
MS. Regardless of their shortcomings, our practice today (prognostication, diagno-
sis and therapy) relies heavily on population data acquired from case-control studies,
clinical trials and emerging MS databases. One way to evaluate the association of MS
and other ADs is to fully investigate their demographic differences and similarities.
Some demographic characteristics in patients with MS and other ADs follow distinct
patterns. This distributional similarity can be informative when genetic predisposi-
tion or environmental factor(s) are of interest. One subject that is found in nearly all
of the researches in the field of autoimmunity is the increased risk of autoimmunity
among females (Whitacre et al. 1999). The percentage of women varies in different
age groups and different parts of the world but the majority of ADs disproportion-
ately affect women, significantly more than men. It has previously been suggested
that oestrogens, androgens and progesterone can influence both innate and adaptive
immune responses, but our knowledge of the mechanisms leading to such dispropor-
tionality is far from clear. Age is also known to have some role in making individuals
susceptible to the ADs. There are remarkable differences in the onset age distribution
of ADs. While some are primarily seen in younger adults (such as autoimmune hep-
atitis; Gregorio et al. 1997), some mainly occur during the adulthood and some may
have bimodal age distributional pattern suggesting the role of hormonal status or im-
munosenescence in the pathogenesis of these diseases. Since the biologic onset of the
disease can occur years before the diagnosis or even symptom onset, there are ques-
tion marks over reliability of the onset age data. Geography and ethnicity have also
been shown to influence the incidence of ADs, although it is not clear which one is
dominant. In recent years, there has been an increase in recognition of ethnic-specific
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Table 16.1 Approximate female percentage and onset age of some selected autoimmune conditions
are shown (except as referenced, female percentage from Jacobson et al. 1997)

Approximate female percentage Onset age (years)

Multiple sclerosis 65 20–40 (Ghezzi 2004)
Type 1 diabetes age ≤ 15 years: 50 Childhood onset: 5–9 and 10–14 (2000)

age ≥ 16 years: 40 Adulthood onset: 25–61
(Nishimura et al. 2000)

Graves’ disease > 85 30–60 (Lantz et al. 2009)
Thyroiditis 95 20–40 (Furszyfer et al. 1972)
Systemic lupus

erythematosus
88 65 % 16–55 (Ballou et al. 1982)

20 % < 16 (Font et al. 1998)
15 % > 55 (Font et al. 1998)

Rheumatoid arthritis 75 30–55 (Deal et al. 1985)
Crohn’s disease 53 (Montgomery et al. 2003) Bimodal onset age distribution

Peak at 20 and 50 (Rose et al. 1988;
Haug et al. 1989)

Uveitis 50 45–65 male
> 65 female (Gritz and Wong 2004)

Sjögren’s syndrome 94 40–75 (Pillemer et al. 2001)

variations as being of major medical relevance. Studies have shown that geography
is a better determinant of genetics than ethnicity (Manica et al. 2005), but our cur-
rent understanding of human genetic traits is insufficient (Hirschhorn et al. 2002).
In addition to demographic characteristics, there are similarities in the natural history
of some ADs. For example, most of the ADs such as MS, rheumatoid arthritis (RA)
and psoriasis are comparable in having episodes of exacerbations (flare ups, relapses,
bouts). Table 16.1 shows female percentage and onset age of some selected ADs.

16.3.2 Concurrent MS and other ADs

Although the presence of one or more co-morbid diseases may result in less desirable
clinical outcome, and, in the case of MS, has been shown to delay the diagnosis
(Marrie et al. 2009), co-morbidity may facilitate identifying the at-risk population
and underlying mechanisms more robustly, bearing in mind that diseases may not be
randomly distributed. Studies have reported an association of MS with some ADs,
such as an inverse association with RA not confirmed by other studies (see below)
(Somers et al. 2006; Nielsen et al. 2008) and a positive association with autoimmune
thyroid disease (Sloka et al. 2005; Munteis et al. 2007). Cases of patients with both
MS and systemic sclerosis, autoimmune hepatitis or myasthenia gravis have also been
reported at smaller scales in some case-control studies (Achari et al. 1976; de Seze
et al. 2005; Pelidou et al. 2007). Accurately defining the association of MS and other
ADs on the basis of the incidence and/or prevalence data can be limited because
of possible sources of error in the rate calculation and the fact that the standards
and criteria may vary significantly among different studies performed. A problem
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arises from variations in diagnostic criteria. One classic example of such a problem
is clearly demonstrated in a study by O’Sullivan and Cathcart (1972) comparing
the prevalence of RA using New York Rheumatoid Association and the American
Rheumatoid Association (ARA) diagnosis criteria. The survey showed significant
variation in the results of the population of Sudbury from 3.8 % for women and
1.3 % for men by ARA criteria to 0.5 % for women and 0.1 % for men by New York
criteria. This notable variation in diagnostic criteria may also have significant effects
on our evaluation of the associations of MS with other ADs. The second problem
is related to the ascertainment errors given the fact that most of the diseases in the
autoimmunity field are considered as being rare. Nevertheless, the problems with
incidence and prevalence rates are not limited to numerator only. For a rate to have
a meaningful sense, each individual in the control population (denominator) should
have a certain potential to develop the disease. As a result, the main challenge arises
when a control population needs to be chosen (ascertainment bias in the control
group). In such circumstances, the main question would be: who is truly at risk of
developing AD? Of course, there is no definite answer to this question, but there
are partially effective ways, such as familial studies or matching for age, gender,
ethnicity and possible confounders, to decrease the scale of the problem. Yet, these
approaches cannot fully eliminate the errors.

In addition to the presence of publication bias, mainly affecting negative re-
sults, many of the studies investigating the association of MS with other ADs were
conducted as population surveys and only some of the estimates in the current lit-
erature are drawn from MS-specific population-based cohorts. These have resulted
in substantial differences in the rate estimated and significant between-study hetero-
geneity. There are also limitations in generalizability of the results due to factors
such as geography. Therefore, most of our current estimations of the incidence and
prevalence rates and consequently the association of MS and other ADs may be over-
or underestimation of the real-world data.

Furthermore, treatment interventions may influence the rates greatly (see also later
under therapeutic implications). One treatment may increase the risk of particular
co-morbid AD and another treatment can keep the concurrent AD hidden in its
preclinical stage. For example, interferon (IFN)-β has been shown to modify the
clinical course of RA (Alsalameh et al. 1998). Cases of sclerosing skin disorder
while receiving IFN-β have also been reported in MS patients (Hugle et al. 2009).
It is well accepted that co-morbidity complicates the process of prescribing rational
medicinal therapy, but information drawn from studies looking at treatment response
can also be invaluably informative.

16.3.3 Some Examples of MS–AD Association Studies

A number of studies explored the coexistence of MS with ADs. As discussed earlier,
all of them have inherent weaknesses: small sample sizes and clinic-based cohorts
with unmatched, absent or historical control groups. Some of these biases are avoided
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in some studies using large databases, for example, large MS registers or collections
such as those used for genetic studies (Barcellos et al. 2006; Ramagopalan et al.
2007a, b). The study of other, non-autoimmune co-morbidities may also help to
reduce ascertainment bias. For genetic studies, spousal controls are often used, as
they are often matched for many demographic characteristics, although this reverses
the gender ratio.

In 2004, we carried out an analysis of co-morbidities of > 650 consecutive pa-
tients attending our specialist clinic, and compared them with known prevalence of
the associated conditions in the closest geographical areas, in most cases, English
Midlands or the UK (Edwards and Constantinescu 2004). We found an increased as-
sociation of MS with asthma and all atopy, all inflammatory bowel disease, pernicious
anaemia, autoimmune thyroid disease, seronegative spondyloarthropathy and uveitis.
The results are interesting as they show coexistence of traditionally “Th1” and “Th2”
diseases, which can now be explained through other shared immunopathological
mechanisms (see below).

Barcellos et al. (2006) analysed a total of 176 families comprising 386 MS index
cases and 1,107 first-degree relatives and found that 26 % of the index cases reported
at least one coexisting autoimmune disorder. Autoimmune thyroid disease, psoriasis,
inflammatory bowel disease and RA were the most common associations. Similar
associations were found in first-degree relatives. Interestingly, there was a suggestion
of a genetic segregation between index cases with association of other AD in their
personal or family history, as these were strongly associated with a common variant
of the CTLA4 gene.

The gender differences in MS and AD have been discussed earlier. Ramagopalan
et al. (2007a, b), in a similar study, found that correcting for gender eliminates the
higher than chance association of MS with other AD, and suggested that this simply
represents the increased susceptibility of women to autoimmunity.

However, a subsequent study was performed on a large population database by
Langer-Gould et al. (2010) who found an association between MS and AD even
after correcting for gender. Thus, the association cannot be attributed entirely to
the higher susceptibility of females to autoimmunity. There was an increased preva-
lence of uveitis, inflammatory bowel disease, Bell’s palsy, Guillain–Barré syndrome
(GBS), and bullous pemphigoid in MS patients. These results confirmed some of
the previous findings and suggested that this association occurs more than expected
by chance. Importantly, the authors distinguished between associated diseases oc-
curring before or after the diagnosis of MS. Uveitis, inflammatory bowel disease
and Bell’s palsy tended to precede MS in this study. Previous clinic-based studies of
uveitis and MS suggested a slightly higher frequency of MS preceding Uveitis. Since
pathological evidence shows that uveitis and ocular inflammation is often widespread
albeit pauci- or asymptomatic in MS (Green et al. 2010), the discovery of uveitis in
patients with MS attending a specialist clinic may reflect increased awareness and
ascertainment.

In conclusion, there is a certain degree of plausibility in asserting that MS and AD
are associated. Because of the relative frequency of these disorders, their coexistence,
even by chance, raises questions and has implications in terms of management.
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16.4 Potentially Shared Immunological Mechanisms

Despite contradictory studies, there is now an increased number of studies showing
that MS and atopy/asthma coexist, indicating that “Th1 and Th2” immune responses
are not mutually exclusive. Thus, alternative immunopathogenic mechanisms are to
be considered, and targeting these mechanisms may provide benefit both to MS and
to the associated disease.

The most attractive common mechanism is an exaggerated Th17 response. IL-17
and Th17-associated cytokines have been implicated not only in MS but also in most
ADs reported to be associated with MS. Although in experimental models, targeting
IL-17 has not had dramatic effects (Hofstetter et al. 2005; Komiyama et al. 2006)
and blocking IL-12/IL-23p40, which reduces both Th1 and Th17 expansion, has not
had a significant effect in an MS clinical trial (Segal et al. 2008) (although a small
effect was seen in another trial (Vollmer et al. 2011)), many successful interventions
may reduce, directly or indirectly, Th17 cells.

Another possible factor is the platelet-activating factor (PAF). This inflammatory
mediator is implicated in both allergy- and cell-mediated ADs including MS. We
observed that PAF is involved in Th17 development (manuscript in preparation);
therefore, PAF antagonism may suppress both MS and associated inflammatory
diseases regardless of the definite phenotype of the inflammation (Edwards and
Constantinescu 2009).

Another mechanism is defective immune regulation. In all these conditions,
regulatory mechanisms, in particular regulatory T (Treg) cells, are deficient and
modalities to enhance their function (and perhaps numbers) may be beneficial. We
have shown that steroids, universal anti-inflammatory drugs, induce Treg cells in
MS (Braitch et al. 2009), but less problematic and longer-active Treg-inducing in-
terventions are likely to be necessary. Correale and Farez (2007) noted a favourable
course of MS in people naturally infected with intestinal parasites. This protection
was associated with a substantial increase in Treg cell function. Such mechanisms
are explored in trials of MS, other ADs and atopic diseases, and they are likely to
work in the same way if these diseases coexist in the same individual.

Deficient immunoregulatory mechanisms, common to a variety of ADs, including
MS, type 1 diabetes, RA, etc., may be related to inadequate sun exposure, which
explains the striking latitude gradient in MS (and other ADs). The mechanisms have
implicated inadequate UVB exposure resulting in a deficit of vitamin D, a deficit
which has been convincingly shown in MS and other ADs. Vitamin D deficiency
is associated with increased susceptibility to MS (Ascherio and Munger 2007a).
Data showing a month of birth effect in MS, diabetes mellitus, ulcerative colitis and
systemic lupus erythematosus (SLE) also suggest a role for gestational vitamin D
deficiency in the increased susceptibility to AD (Ramagopalan et al. 2009; Disanto
et al. 2012). Vitamin D treatment may thus be an option for MS and other ADs, or
when they exist in combination. Planned trials will prove whether this treatment,
instituted after the disease has started, has a therapeutic effect. Experimental and
some clinical data suggest an important role for the induction of Foxp3+ Treg cells
and IL-10-secreting Treg cells (Tr1 cells) in the immunomodulatory effects of vitamin
D (Taams et al. 2006).
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Although vitamin D is the most studied factor involved in the latitude effect,
other light-regulated factors such as melatonin or calcitonin gene-related peptide
may be involved. Bright light or melatonin-suppressing therapy has previously been
shown to suppress experimental autoimmune encephalomyelitis (EAE) (Stevens and
Swanborg 1993), and light deprivation enhances experimental arthritis (Hansson et al.
1990). Light therapy has been advocated for MS treatment (Constantinescu 1995).

16.5 Negative Associations May Provide Hints to (Auto)Immune
Mechanisms in MS

In addition to some coexisting conditions, there are some conditions that are less
frequently encountered in people with MS than expected from the general population.
Certain types of cancer are less frequent, which has been attributed to a more active
immune surveillance (Bahmanyar et al. 2009). Although our study encountered some
cases of gout (Edwards and Constantinescu 2004), this condition is thought to be very
rare among people with MS, who have been reported to have lower levels of uric acid,
a natural antioxidant and peroxinitrite inhibitor (Hooper et al. 1998). Treatment with
inosine, which enhances the levels of uric acid, has been suggested in MS (Hooper
et al. 1997).

In view of the increased evidence for the role of the Epstein–Barr virus (EBV) in
MS (and other ADs), reports of a high association with other classical EBV-mediated
disorders such as Hodgkin’s and non-Hodgkin’s lymphoma or nasopharyngeal
carcinoma would be expected. Such reports, however, are merely anecdotal (Rolls
et al. 2010), and lymphoma does not belong among the cancers reported to be
increased in MS (Bahmanyar et al. 2009). The explanation for this could be that
of a defective immunoregulation (e.g. induction of IL-10 or Treg) by EBV in MS,
which would, however, provide benefits in terms of cancer immunosurveillance.

16.6 Diagnostic and Therapeutic Implications

Co-morbidity has an important influence on MS and other ADs. In addition to pro-
viding hints towards shared pathogenic pathways, it has diagnostic and therapeutic
implications. For example, it has been shown that the presence of co-morbidity de-
lays the diagnosis of MS (Marrie et al. 2009). Even coexistence of non-autoimmune
conditions with MS may provide hints towards pathological mechanisms and ther-
apeutic opportunities. The high prevalence of depression in MS, for example, and
the recent experimental evidence of the role of serotonin reuptake inhibitors in im-
munomodulation and neuroprotection in EAE (Vollmar et al. 2009; Taler et al. 2011;
Yuan et al. 2012) suggest the involvement of these pathways in MS and potential
disease-modifying benefits of commonly used antidepressants in MS. Presence of
hypertension in a person with MS may offer the opportunity of treating with an
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angiotensin-converting enzyme (ACE) inhibitor or an angiotensin receptor blocker
(Constantinescu et al. 1995; Platten et al. 2009; Stegbauer et al. 2009), which may
result in protective immunomodulation as shown in the EAE models.

Regardless of whether the coexisting AD represents shared pathology and suscep-
tibility, and whether this coexistence is due to chance co-occurrence or a spectrum
of poly-autoimmunity, there are important practical implications related to diag-
nosis and treatment. Classical diagnosis criteria preclude the diagnosis of MS in
the presence of a condition that could explain the symptoms better. With inflam-
matory/autoimmune diseases that may affect the nervous system, this is not often
possible. For example, SLE and MS can coexist (Hietaharju et al. 2001). It has been
argued that a misdiagnosis of MS can be made in the presence of imitators such as
anti-phospholipid syndrome, but these conditions can also coexist (Stosic et al. 2010).
The presence of autoantibodies such as antinuclear antibodies (Collard et al. 1997)
and anti-cardiolipin antibodies (Vilisaar et al. 2005) is not uncommon in MS, and
need not raise suspicions of alternative diagnoses.

Although sarcoidosis is not strictly an AD, it is autoinflammatory and shares
clinical and pathological features with ADs. ACE is elevated in serum and is a
frequently used marker for sarcoidosis. A proportion of people with MS have an
elevated serum ACE (Constantinescu et al. 1997), and this need not rule out MS. We
have had patients with biopsy-proven non-neurological sarcoidosis who later went
on to develop typical MS.An important therapeutic consideration is whether disease-
modifying therapy (DMT) for MS would benefit or worsen the coexisting AD.

Berkovich et al. (2011) recently summarised these considerations. Briefly, hepatic
dysfunction is relatively common in people treated with IFN-β and may have an
autoimmune basis; thyroid dysfunction (autoimmune thyroid disease) can occur or
be exacerbated in people with MS treated with IFN-β. Occurrence or exacerbation
of psoriasis has also been reported in people receiving IFN-β for MS, as well as
several cases of ulcerative colitis, panniculitis (also with glatiramer acetate (GA))
and vasculitis. At the case report level, GA has been associated with one case of
urticarial vasculitis and one of autoimmune thyroid disease. One case of SLE and
one of RA developed under treatment with IFN-β. These rare events are listed in the
paper by Berkovich et al. (2011).

Although the first-line disease-modifying drugs act in part by inducing a Th1 to
Th2 switch, none has been consistently associated with an exacerbation of coexisting
Th2 diseases such as asthma and atopy. However, avoiding GA in people with asthma
may help distinguish the post-injection reactions from asthma attacks.

As discussed earlier, in the cases of uveitis coexisting with MS, there is no in-
dication that the DMTs have any negative effect on established uveitis nor is there
evidence that they trigger it (Edwards et al. 2008). On the contrary, IFN has been
advocated as a treatment for MS-associated uveitis (Becker et al. 2005).

Since type 1 IFN plays a pathogenic role in SLE (Elkon and Wiedeman 2012), in
cases where features of SLE, mixed connective tissue diseases, Sjögren’s syndrome
and anti-phospholipid syndrome coexist with MS, IFN-β is probably best avoided.
We have successfully treated two patients with coexisting MS and SLE, one with
mixed connective tissue disease and one with anti-phospholipid syndrome with GA.
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16.7 Considerations on the Relationship Between Anti-Tumour
Necrosis Factor Biological Treatment and the Development
of Demyelinating Disease

In 2001, a case series triggered by an index case and completed by interrogating
an FDA database pointed to the appearance of demyelinating disease in patients
with rheumatologic conditions receiving treatment with biological agents that block
tumour necrosis factor (TNF) (Mohan et al. 2001). These included etanercept and in-
fliximab, to which adalimumab was also added subsequently. This has been reviewed
in Ramos-Casals et al. (2010).

Also, the use of anti-TNF agents in other inflammatory conditions, such as pso-
riatic arthritis, ankylosing spondylitis and inflammatory bowel disease, has been
associated with rare and sporadic cases of demyelination.

This led to the conclusion that these treatments are contraindicated in MS. Re-
viewing the initial case series, some features argue against at least some of the
reported cases being MS. The index case had a brain biopsy that showed spongiosis
and was atypical for MS, the other patient undergoing biopsy had toxic encephalopa-
thy changes without evidence of demyelination, and the one patient who underwent
lumbar puncture had cerebrospinal fluid that was negative for oligoclonal bands.

This may mean that at least some of these neurological complications are not in-
dicative of MS. In support of this is the fact that a substantial proportion of the reported
cases are negative for oligoclonal bands and the abnormalities disappear upon discon-
tinuation of anti-TNF treatment. Moreover, successful, uneventful rechallenge with
anti-TNF agents after the development of such a demyelinating episode has been re-
ported. Several studies estimating the risk of such demyelinating events argue against
a true association between MS and TNF antagonists, beyond that expected between
MS and the underlying inflammatory conditions that require the treatment (Magnano
et al. 2004). An interesting study estimated the risk of demyelination under treat-
ment with TNF antagonists for RA as not being higher than expected on the basis of
chance occurrence of the conditions, and also not higher than that under treatment
with anakinra, an IL-1 receptor antagonist (Bernatsky et al. 2010).

Based on the complex biology of TNF-α and its related cytokine TNF-β (lympho-
toxin), there are rationales why TNF blockade may be detrimental in MS. Studies
in the experimental model of EAE showed that TNF/lymphotoxin double knockout
mice remain susceptible to autoimmune demyelination (Frei et al. 1997) and even
have more severe disease. This was confirmed subsequently in studies by Liu et al.
(1998) and Probert et al. (1997). Furthermore, in a cuprizone- induced demyelination
model, the role of TNF was investigated using TNF knockout mice. While demyelina-
tion was more severe in wild-type mice, remyelination was significantly less complete
in TNF−/− mice, suggesting a role for TNF in remyelination (Arnett et al. 2001).

Van Oosten et al. (1996) treated two patients with MS with anti-TNF agents
and witnessed a worsening of the disease course including clinical relapses and an
increase in gadolinium-enhancing lesions, suggesting a partially protective role for
TNF. This was also confirmed in the lenercept MS trial, the results of which did
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not show a beneficial effect of anti-TNF agents (1999). Therefore, despite anecdotal
reports of people with MS and associated ADs having been exposed to anti-TNF
agents without complications, treatment of a coexisting AD in a patient with MS is
currently discouraged.

However, going back to the case reports of demyelination during anti-TNF treat-
ment and considering the bona fide MS cases among them, one needs to question the
role of the anti-TNF agent itself or that of the likelihood of the AD being associated
with MS by common pathogenetic mechanisms or by chance. It remains plausible,
and supported by pharmacoepidemiology studies, that the occurrence of MS in peo-
ple with anti-TNF treatment for another autoimmune inflammatory disorder is not
higher than expected for MS in the general population.

We conducted a study showing no major differences in high-field (3 tesla) mag-
netic resonance imaging (MRI) in people who have received anti-TNF treatment
compared with the general population. They had similar numbers and distribution
of non-specific white matter changes as the healthy controls and showed no changes
in quantitative MRI in the normal-appearing white and grey matter in contrast to
the MS controls. A patient with ankylosing spondylitis who was in our study and
had a normal MRI scan, who was receiving adalimumab and who developed MS
later, had the typical MS lesions and positive oligoclonal bands, similar to the
findings of the MS controls. An association of ankylosing spondylitis with MS has
been reported and ∼ 60 % of patients may have subtly abnormal evoked potentials
(Hanrahan et al. 1988; Edwards and Constantinescu 2004). Thus, it is conceivable
that MS developed independently of the anti-TNF treatment.

16.8 Alemtuzumab and Autoimmunity

Alemtuzumab is a promising monoclonal antibody against the CD52 molecule, which
has shown excellent results in reducing the relapse rate and disability progression
in MS (Coles et al. 2008; Jones and Coles 2009). Treatment with alemtuzumab is
associated with the occurrence ofADs, with a cumulative risk of 22 % (Cossburn et al.
2011). The most common is the autoimmune thyroid disease, but there is a risk of
idiopathic thrombocytopenic purpura, and a case of glomerular basement membrane
disease has been reported. Other single cases of pulmonary hypersensitivity reactions,
bullous skin disease and colitis have been reported in that series.

Since alemtuzumab induces significant immunosuppression and similar patterns
of secondary autoimmunity are seen occasionally after haematopoietic stem cell
transplantation (with or without use of alemtuzumab in vivo as part of the protocol),
it is an opportunity to understand mechanisms of immune reconstitutions and homeo-
static proliferation. In elegant studies, Coles et al. have demonstrated that the cytokine
IL-21 is associated with the risk of autoimmune complications, as the pre-treatment
IL-21 levels predicted (Jones et al. 2009). This not only completes the pathological
picture of the cytokine network in MS but also underscores the complex relationship
between MS, its treatment and autoimmunity.
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In conclusion, MS is an immune-mediated disease, which coexists with other
autoimmune or presumed autoimmune diseases. This coexistence may be the result
of a chance association, an increased common predisposition of certain groups (such
as women) to many autoimmune diseases, common pathogenic mechanisms, shared
genetics or environmental risks, or in some cases, one disease is facilitated by the
treatment for another. Finally, various combinations of the above may result in these
associations. Nevertheless, these co-occurrences invite careful therapeutic consid-
erations and may provide helpful insights into the pathophysiology of MS and the
mechanisms of autoimmunity.
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Chapter 17
Current and Future Treatments of Multiple
Sclerosis

Aiden Haghikia and Ralf Gold

17.1 Introduction

For many years, treatment of multiple sclerosis (MS), as the most common,
disabling neurological condition in young adults in the developed world (Compston
and Coles 2008) has been hampered by a lack of understanding of its initiation and
progression. However, accelerating progress in MS research on several fronts has
led to numerous clinical trials with a range of drugs and therapeutic principles. The
vast majority of these therapeutics target components of the immune system, as
pathological, immunologic, and genetic studies point to the immune system as the
primary driver of MS (Jager et al. 2009; Sawcer et al. 2011; Fugger et al. 2009;
Popescu et al. 2012; Lucchinetti et al. 2011). While some of these drugs failed to
show efficacy, others have revealed devastating side effects, and again others have
proven to be beneficial. They have all shed more light on the pathogenesis of MS
and contributed substantially to the understanding of this heterogeneous disease.

The introduction and approval of interferon beta (IFNβ)- 1b by the FDA in 1993
and glatiramer acetate (GLAT) 3 years later marked a line in the history of MS and
its therapy. Despite limited beneficial effect in disease modulation, the invention
of IFNβ and GLAT made MS a potentially treatable disease and gave rise to hope
for more powerful therapeutic approaches or even thinking of curing the disease
(Weiner 2009).

Within less than 20 years, eight drugs have emerged for the treatment of MS
and at least another eight late-stage trial drugs are currently in the pipeline. Yet,
at the same time these increasing therapeutic options add to the complexity of MS
therapy and raise questions of how these therapeutics can be applied in a precise
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manner. Another unsolved issue that remains is the challenge on how to protect
neuronal tissue from irreversible damage that is associated with the inflammatory
process in MS. Until now the only option to prevent tissue damage has been early
anti-inflammatory treatment. This notion has been a key driver of the significant
reduction of time to diagnosis in patients who encounter first disease symptoms and
the concomitant rapid improvement and availability of magnetic resonance imaging
(MRI) techniques (Polman et al. 2011).

17.2 Current Multiple Sclerosis Treatments

17.2.1 First-Line Disease-Modifying Drugs for
Relapsing–Remitting Multiple Sclerosis

Driven by the hypothesis that MS might be a virus-mediated disease and since inter-
ferons are involved in antiviral-immune responses, the rationale to treat MS patients
with IFNβ was to supplement them with an agent that they were suspected to lack.
Also, GLAT had a serendipitous path to MS therapy as it was initially designed
to induce an MS-like disease in rodents, but it turned out to protect them from
experimental autoimmune encephalomyelitis (EAE) instead.

Although still not completely understood, experimental studies have provided
new insights into the mode(s) of action(s) of IFNβ and seem to converge on a com-
mon hypothesis that IFNβ acts via induction of anti-inflammatory genes and several
cellular-immune functions that include: direct and indirect inhibition in function of
autoreactive lymphocytes directed against the central nervous system (CNS) white
matter (Prinz et al. 2008, Prinz and Kalinke 2010) and their mobility across the
blood–brain barrier (BBB) by reducing the activity of matrix metalloproteinases
(Fig. 17.1; Comabella et al. 2009a, b). Similar to IFNβ, the mode of action of GLAT
has been only partially deciphered. Cumulative evidence suggests that GLAT im-
pairs lymphocyte activity by inhibition/modulation of antigen-presenting cells and
via regulatory T cells (Fig. 17.1) (Lalive et al. 2011).

Despite the limited efficacy of these so-called first-line DMDs over the last
20 years, their safety profile has been established by millions of patients’ years
of experience in relapsing remitting MS (RRMS) (Table 17.1). As there are no
clear-cut differences concerning the indication of the IFNβ preparations or for
GLAT in patients’ use, many attempts have been made to show the advantages of the
respective product over the others. However, even head-to-head studies that were
conducted to test whether higher doses of IFNβ are more effective than the approved
doses or to show the superiority over GLAT have failed. No major differences in the
primary endpoints as defined by relapse rate and MRI disease activity were observed
when high-dose subcutaneous IFNβ-1b was tested against GLAT in the BEYOND
study (O’Connor et al. 2009) and high-dose subcutaneous IFNβ-1a over COP in
the REGARD study (Mikol et al. 2008). The bottom line is that IFNβ and GLAT
reduce disease activity by approximately 30 % in RRMS and up to 45 % in clinically
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isolated syndrome (CIS). The results of these studies, however, underline the
importance of head-to-head studies and the incomparability of different studies due
to differences in baseline demographics. Also, the long-term efficacy, in particular,
on significantly delaying the time of conversion from CIS to clinically definitive
MS (CDMS) has been shown to be fairly equal for all IFNβ preparations and GLAT
(Kinkel et al. 2012, Kappos et al. 2009, Comi et al. 2009, Filippi et al. 2004).
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In order to gain synergistic effects of available drugs, several combinations of
first-line DMA with other agents have been tried. Some of these small open-label
trials provided partly promising results, e.g., IFNβ or COP with mitoxantrone (see
latter sections) (Jeffery et al. 2005; Vollmer et al. 2008), others showed no benefit
from combination therapy, e.g., IFNβ combined with azathioprine (Havrdova
et al. 2009a, b) or IFNβ with simvastatin (Sorensen et al. 2011b). Again, other
combinations showed conflicting results, e.g., a trial in which IFNβ was more
effective when applied together with oral methylprednisolone (Sorensen et al.
2009) but not with intravenous methylprednisolone (Ravnborg et al. 2010). The
results of a large NIH-funded clinical trial (CombiRx) to evaluate the efficacy of
combined IFNβ-1a plus GLAT versus either drug plus placebo with approximately
1,000 patients over 3 years did not reveal any significant improvement of the clnical
endpoints by combination therapy (Lublin et al. 2013).

17.2.2 Escalation Therapy with the Immunosuppressant
Mitoxantrone

The idea to test cytotoxic substances that suppress the immune system in MS goes
back at least three decades, e.g., with cyclophosphamide and azathioprine. However,
in 2000 mitoxantrone became the first immunosuppressant that was approved by the
FDA, initially for the treatment of secondary progressive MS (SPMS) (Millac and
Miller 1969; Hauser et al. 1983). Mitoxantrone is an anthracenedione that causes
DNA strand breaks by intercalation and delays repair mechanisms by inhibiting the
enzyme topoisomerase II, which ultimately leads to death of immune cells including
T-lymphocytes and antibody-producing B-lymphocytes (Fig. 17.1). Mitoxantrone
made its way to MS in the late 1990s from oncotherapy where it was first used in the
beginning of that same decade (Bisteau et al. 1989; Gonsette and Demonty 1990).
It was then a large phase III clinical trial (Table 17.1) that proved mitoxantrone to
be significantly more effective over placebo by preventing EDSS progression and
relapses (Hartung et al. 2002). These results led to extension of the FDA approval in
2002 also for escalation therapy in RRMS patients with high disease activity.

Unlike cyclophosphamide, the life-time dosage of mitoxantrone was limited to
140 mg/m2 due to dose-dependent side effects that occurred during the clinical trials
(Cohen and Mikol 2004). Besides reversible and potentially treatable side effects, like
alopecia, nausea, and mild infections, the more severe and irreversible adverse events,
namely cardiotoxicity and malignancies, still challenge the use of mitoxantrone.
Depending on the dosages of mitoxantrone used and monitoring period in the follow-
up, the numbers reported vary widely for asymptomatic systolic dysfunction as
measured by left ventricular ejection fraction (LVEF) less than 50 %, congestive
heart failure and therapy-related acute leukemia (TRAL) (Stroet et al. 2012). Two
recent studies, one of which reviewing cases in the literature and the other reporting on
the large French cohort treated with mitoxantrone, provided the following incidence
rates: 4.9–12 % developed asymptomatic systolic dysfunction, 0.1–0.4 % congestive
heart failure, and 0.25–0.8 % TRAL (Marriott et al. 2010; Le Page et al. 2011).
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Furthermore, about 17 % of female MS patients treated with mitoxantrone developed
irreversible amenorrhea, which has shown to be age-dependent (Le Page et al. 2011).

Despite the potentially severe and persisting adverse events, mitoxantrone re-
mains a valuable therapeutic option in the MS armory, in particular, for SPMS where
hardly any alternatives exist. New surrogate tools to identify patients at risk and to
help individualize the mitoxantrone dosages for optimized treatment and maximum
life-term dosages are needed for safer use of this drug. In this context, recently pro-
posed gene polymorphisms in the so-called ATP-binding cassette transporters (ABC
genes) might be a step towards a marker for mitoxantrone-associated side effects and
help adjusting the mitoxantrone dosage needed for the individual MS patient (Cotte
et al. 2009). Another feasible strategy to safe mitoxantrone dosages is the induction
therapy followed by long-term first-line DMA treatment: several small clinical trials
have shown with different induction regimen that initial high-dose mitoxantrone
therapy was sufficient to calm down disease activity and the patients who had simul-
taneously started out COP or IFNβ injections were well off continuing the injections
without further mitoxantrone for up to 15 months (Jeffery et al. 2005; Vollmer 2008).

17.2.3 Natalizumab—the New Era of Multiple Sclerosis
Therapeutics with Monoclonal Antibodies

Natalizumab was the first therapeutic monoclonal antibody (mAb) approved for the
use in RRMS. Its efficacy was shown clearly superior to first-line DMDs and it
was developed from a pathomechanistic idea proven in the animal model of MS; it
made its way to clinical use within a decade. Natalizumab binds specifically to the
α4-subunit of the very late antigen (VLA-4), an anchor protein on the surface of acti-
vated immune cells that allows them to bind to the endothelial cells forming the BBB
(Yednock et al. 1992). By blocking VLA-4, natalizumab prevents autoreactive in-
flammatory cells from accessing the CNS (Fig. 17.1). With the preliminary results of
two large phase III clinical trials, AFFIRM and SENTINEL (Table 17.1), which were
published later, natalizumab received a rapid FDA approval in November 2004, only
2 years after the trials had been launched (Polman et al. 2006; Rudick et al. 2006).
While the AFFIRM study compared the efficacy of natalizumab with placebo, in
SENTINEL natalizumab was combined with IFNβ-1a and compared to placebo. The
robust effects of 4 weekly infusions of 300 mg natalizumab on relapse rate, MRI ac-
tivity, and risk of disease progression were hampered by the occurrence of three cases
of progressive multifocal leukoencephalopathy (PML); a JC virus (JCV)- mediated
and potentially lethal infectious disease causing subacute demyelination throughout
the CNS. Two PML cases were observed in the SENTINEL study and one in a trial to
test natalizumab in patients with Crohn’s disease (Assche et al. 2005; Langer-Gould
et al. 2005; Kleinschmidt-DeMasters and Tyler 2005). As a consequence, natal-
izumab was withdrawn shortly after and only after a large reevaluation of over 3,000
patients, who had received natalizumab without further cases of PML, natalizumab
was reapproved as second-line therapeutic for RRMS (Yousry et al. 2006).
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PML was first suspected to occur when natalizumab was combined with another
immunomodulatory agent such as IFN(. This hypothesis was repealed when the first
two PML cases occurred under natalizumab monotherapy (Wenning et al. 2009;
Linda et al. 2009). Meanwhile, over 100,000 MS patients have been treated
with natalizumab and the risk of natalizumab- related PML is estimated 1:500
(www.biogenidec.com). Interestingly, one of the few reliable predisposing factors
for natalizumab-associated PML seems to be the exposition time; PML risk increases
up to 1:100 in patients treated for 24–26 months with natalizumab in patients who
had previously been treated with immunosuppressants.

PML is caused by a harmless appearing virus that is—depending on the population
screened—present in 60–90 % of healthy individuals. The question remains why a
relatively small subgroup of MS patients is affected when PML otherwise only affects
patients with major acquired immune defects such as HIV, which accounts for 80 %
of all PML cases (Carson et al. 2009). However, despite conflicting data, there is
consensus on a probable multistep process as a stochastic sequence of events for
JCV to overcome several barriers to infect glial cells within the CNS (Major 2010;
Berger 2011). The initial step is believed to be JCV infection during childhood,
which is not apparently associated with a specific symptom(s). Hereafter, several
tissues have been shown to host the virus in its latent state, among them the tonsils,
bone marrow hematopoietic stem cells, and the kidneys. The virus in its native
form is unable to infect oligodendrocytes and needs to undergo mutations in its
noncoding region in order to become neuro- or gliopathogenic. This crucial step is
one of the least understood although some data exist suggesting a role for (B-)cellular
transcription factors being possibly involved in this process (Marshall et al. 2010).
Another option is a (re)infection with a mutated JCV strain and the lack of immune
response to the de novo infection in predisposed patients. Once the virus becomes
neuropathogenic and enters the CNS, it is able to infect oligodendrocytes, if the
local immune defense is impaired. This might be the case for natalizumab-treated
MS patients where cerebrospinal immune cells are decreased after therapy initiation
(Pilar et al. 2008). Unrestrained JCV replication destroys vast areas of CNS white
matter and leads to the full clinical picture of PML, which frequently takes a fatal
course. A major difference in natalizumab associated with other PML is the overall
better outcome, especially if the antibody is removed by plasma exchange and/or
immunoadsorption, the survival rate is more than 70 % (Vermersch et al. 2011).

Two further issues have accompanied natalizumab from the very first clinical
trials: (1) persisting neutralizing antibodies (nAbs) that abolish the therapeutic
effect of natalizumab and (2) the question of whether therapy cessation, e.g., during
pregnancy or on patients’ request, increases disease activity, the so-called rebound
(Tubridy et al. 1999). The pivotal trials and a large postmarketing study evaluating
the occurrence of nAbs in approximately 5,000 patients revealed that 3–6 % patients
develop nAbs against natalizumab (Calabresi et al. 2007; Sorensen et al. 2011a);
testing for nAbs routinely seems feasible during the first 6–12 months when the risk
of developing them has been shown to be highest. The suspicion of postwithdrawal
rebound in natalizumab-treated patients arose from the very first clinical and the
post hoc analysis of a small subgroup of 21 patients from the phase III trials
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(Tubridy et al. 1999; Vellinga et al. 2008). Smaller case series later supported or
contradicted the occurrence of postwithdrawal rebound. However, the largest study
so far evaluating the relapse rate in approximately 1,800 patients and MRI activity
in 341 patients showed no increased disease activity above the pretreatment levels
after natalizumab withdrawal (O’Connor et al. 2011b).

So far, several re-evaluations by the regulatory agencies have come to the conclu-
sion that the therapeutic benefit of natalizumab overweighs its risks. Supporting this
decision, a post hoc analysis showed that 60 % of natalizumab-treated MS patients
were either free of clinical or MRI disease activity, and almost 40 % of them were
free of any sign of disease (Havrdova et al. 2009a). New recommendations on the
application of natalizumab in RRMS have been proposed to minimize the risk of
PML, which include (Kappos et al. 2009): careful selection of eligible patients, ap-
plication of the drug by experienced centers, clinical vigilance, and regular follow-up
neurological/MRI surveys.

Whether the improved test (ELISA) to identify anti-JCV antibodies in MS patients
further helps to reduce the risk of natalizumab-related PML will be answered by the
monitoring programs TYGRIS and STRATA (Gorelik et al. 2010). Despite ongoing
efforts to find the factor(s) that predisposes MS patients for developing PML, there
are attempts to establish alternative drugs that have the same target as natalizumab—
possibly without the risk of PML. Firategrast or the so-called “small anti-(4(-integrin
molecule” has just been tested in a clinical trial (Miller et al. 2012). It is an oral
drug with a short half-life time of approximately 5 h and is rapidly metabolized as
opposed to natalizumab that has a biological half-life time of several months. The
phase II clinical trial, testing four doses of firategrast (twice daily 150, 600, 900, or
1,200 mg) over 6 months showed a roughly 50 % decrease of Gd-enhancing lesions
but no significant effect on relapse rate when compared to placebo.

17.2.4 A Switch from the Injectables to an Oral Drug for Multiple
Sclerosis with Fingolimod

Fingolimod is the first approved oral drug for the treatment of RRMS at a daily
dose of 0.5 mg. Via spingosine-1-phosphate receptor (S1P) fingolimod exerts its ef-
fects on peripheral immune cells and its therapeutic potential was first validated in
transplant medicine (Schwab and Cyster 2007). The strong inhibitory effect of fin-
golimod on lymphocyte egress from secondary lymphoid organs via S1P1 (Fig. 17.1)
is the predominant pharmacomechanism of fingolimod (Mandala et al. 2002); it pre-
vents autoreactive immune cells from accessing their antigens and attenuates disease
activity in autoimmunity. However, evidence from experimental works suggest a
beneficial dual role of fingolimod (Fig. 17.1): a putative pathway within the CNS
was shown to promote survival of oligodendrocytes and ultimately lead to remyeli-
nation in damaged white matter (Miron et al. 2008). This potentially regenerative
feature needs further validation in MS patients, e.g., by newer MRI techniques that
allow reliable monitoring of de- and remyelination over time.
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Encouraged by positive results of the phase II clinical trial, two large phase III
studies were initiated to evaluate the immunomodulatory effect of fingolimod in MS
patients (Table 17.1), the FREEDOMS and the TRANSFORMS study (Kappos et al.
2006; Cohen et al. 2010; Kappos et al. 2010). While one study compared fingolimod
with placebo, the second study was a head-to-head trial comparing fingolimod with
IFNβ. Fingolimod proved to be superior over placebo and more interestingly also
over IFNβ by reducing CNS disease activity by at least 50 %. The results of the
12-month extension study of TRANSFORMS provided further evidence for the
stronger modulatory impact of fingolimod: patients formerly in the IFNβ control arm
were switched to fingolimod (0.5 or 1.25 mg daily dose) and showed an estimated
annual relapse rate (ARR) of 33 %, whereas ARR in the group continuing fingolimod
treatment was decreased to approximately 20 % (Khatri et al. 2011). It awaits further
evaluation whether the risk of developing relapses comes to equilibrium in long-term
fingolimod treatment also for patients initially receiving first-line DMDs.

The occurrence of two cases with fatal virus encephalitis and several cases of
bradycardia/bradyarrhythmia after first dose in the TRANSFORMS study led to
restricted approval of fingolimod as escalation therapy in RRMS by the EMA; in the
United States, fingolimod is used as a first-line DMD in MS. Monitoring programs,
clinical alertness by treating neurologists, and the development of reliable markers
to detect patients at risk for adverse events are needed for the use of fingolimod
in MS.

17.2.5 Old Therapeutic Principles Revisited with Fumaric Acids

Dimethyl fumarate (DMF) or BG-12 is an enriched fumaric acid ester and the newest
of the MS drugs that was recommended for approval by the EMA and the FDA in
March 2013. Its history, however, goes back several decades: the chemist by whom
it was presented in 1959 had treated his own psoriatic disease with it, under the
assumption that fumaric acid as a component of the Krebs cycle would complement
energy-deficient immune cells (Schweckendiek et al. 1959). Hereafter, DMF was
mainly prescribed by dermatologists and approved by the German regulatory agency
for the treatment of psoriasis in the 1990s accounting for its safety profile based on
hundred thousands of patients’ years of experience. DMF entered MS therapy by an
open-label trial including 10 RRMS patients, which revealed a significant effect on
Gd-enhancing MRI lesions with a reduction over 90 % after only 1 year of treatment
(Schimrigk et al. 2006). Soon after, the results of a larger phase II clinical trial
with DMF over 6 months confirmed its efficacy in RRMS (Kappos et al. 2008); the
relatively short study duration has most likely been responsible for the comparably
smaller effect. The new drug formulation of DMF showed less gastrointestinal side
effects than the former fumaric acid that was used for psoriasis; diarrhea has been the
major side effect of fumaric acids responsible for its restricted long-term application
so far. The results of the two phase III clinical trials initiated hereafter with over 2,600
RRMS patients for over 2 years compared 240 mg BG-12 twice or three times daily
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to placebo in the DEFINE study and the same regimen for BG-12 to placebo versus
COP in the CONFIRM trial (Table 17.1). While the trials resulted in slightly different
conclusions for the efficacies of the two dosages, overall ARR was reduced up to
53 % and the mean number of Gd-enhancing MRI lesions up to 90 %. Concerning
primary relapse end points, BG-12 was superior over COP by preventing at least
20 % more relapses. Apart from flushing and mild gastrointestinal side effects, no
further adverse events were reported for BG-12 that exceeded adverse events also
observed in the placebo group.

Although not fully understood, the suppressive effect on activated (T-)lympho-
cytes (Fig. 17.1) by fumaric acid has been known for quite some time (Treumer et al.
2003). New insights suggest that dendritic cells orchestrate a shift towards an anti-
inflammatory environment in response to treatment with fumaric acid (Ghoreschi
et al. 2011). Furthermore, the protective aspect of fumaric acid on neuronal cells,
which had been assumed based on the clinical findings, was elucidated in an ex-
perimental setup (Linker et al. 2011). In vitro and in vivo experiments in an animal
model of MS showed that fumaric acid activates a major regulator of antioxidative
pathways ultimately protecting neuronal and glial cells from inflammation-induced
cell death by nuclear factor E2-related factor2 (Nrf-2; Fig. 17.1; Linker et al. 2011).
These observations are well supported by results of the clinical trials, especially by
the secondary MRI endpoints. However, follow-up studies involving newer MRI
technologies in the postmarketing phase are needed to further validate these results
in MS patients.

17.3 Future Multiple Sclerosis Treatments

17.3.1 Multiple Sclerosis Drugs at Late-stage Development

The development and testing of new therapeutics for MS in clinical trials is pro-
ceeding at an accelerated pace. As for any chronic disease, the goal in MS is to
establish therapeutics with higher efficacy, specificity, feasible application, and yet,
at the same time a higher degree of safety and tolerability. The countless agents being
currently at various stages of development allow only a brief roundup of selected
drugs that are at late-stage clinical trials, including oral compounds and mAbs.

Teriflunomide and laquinimod are oral drugs that were given fast track status for
approval by the FDA. However, after completion of their phase III clinical trials,
two of them experienced a major setback: cladribine was rejected by the regulatory
agency and laquinimod was put on hold as it was uncertain whether it would meet
the primary endpoint of the study.

Laquinimod is a modified compound of linomide that had been withdrawn from
use in MS patients despite efficacy because of severe cardiopulmonary side effects
in the clinical trial (Noseworthy et al. 2000). In phase II trials, laquinimod showed
promising results by significantly reducing MRI-measured disease activity in RRMS
patients but failed to reduce the relapse rate in the first study and the second was not
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powered for this clinical outcome (Comi et al. 2008; Polman et al. 2005). Besides
immunomodulatory effects, laquinimod was recently shown to possess some neuro-
protective properties by stimulating the secretion of brain-derived neurotrophic factor
(BDNF; Fig. 17.1; Thone et al. 2012). However, despite the positive safety profile
and efficacy of clinical subanalyses in the phase III trials, the effect of laquinimod
on ARR was modest (Table 17.1; Comi et al. 2012). The promising neuroprotective
effect of laquinimod as an add-on therapeutic will be investigated in clinical trials.

Teriflunomide is, like its precursor molecule the antirheumatism drug leflunomide,
an inhibitor of pyrimidine synthesis and its immunomodulatory effect is partially
explained by reducing lymphocyte numbers (Fig. 17.1). Encouraged by the positive
results of a phase II clinical trial, a total of five confirmatory trials were initiated
(O’Connor et al. 2006) to validate its efficacy in MS. Teriflunomide proved to be
effective by reducing ARR and several MRI endpoints (Table 17.1) (O’Connor et al.
2011a). With few gastrointestinal side effects, such as diarrhea, nausea, and reversible
increased liver enzymes observed so far, it seems as teriflunomide might be safer than
its precursor leflunomide for which a case of PML and fatal liver function failures
have been reported. At the time of writing teriflunomide received recommendation
of approval by the EMA as first-line therapy for RRMS in March 2013.

Since the approval of natalizumab, the emerging role of mAbs as therapeutic op-
tions for MS has become evident. MAbs appear to be particularly attractive as their
ability to target specific structures promises high efficacy (“magic bullets”). How-
ever, unexpected side effects, such as natalizumab-related PML have lowered the
enthusiasm and taught caution. Many mAbs have been tested as potential MS thera-
peutics in the past: some of them did not show the desired efficacy, e.g., ustekinumab
that is directed against the subunit of both, the inflammatory cytokines IL-12 and
IL-23 (Segal et al. 2008), although the failure could not be explained by pathophys-
iology; other mAbs led to disease exacerbating, e.g., the antibody-directed TNF-α
therapies (Oosten et al. 1996); again others at the end of the spectrum caused un-
expected severe side effects, e.g., anti-CD28 (TGN1412) that led a severe systemic
inflammatory response syndrome or “cytokine storm” in a phase I trial in six healthy
subjects. Still, mAbs remain an exciting option for therapeutic use in MS, as the
mAbs presented here, some of which have come a long way and are likely to become
part of the MS drug group.

The monoclonal anti-CD20 antibody rituximab has been in use for a long time not
only for the treatment of malignancies, such as non-Hodgkin lymphoma, but also for
the autoimmune disorder rheumatic arthritis. Furthermore, rituximab is applied off
label for less common antibody-mediated autoimmune disorders in various medical
disciplines, e.g., myasthenia gravis and some forms of vasculitis. To establish its
efficacy in MS, rituximab has been employed in many trials. The anti-CD20 mAbs
bind and cause a rapid depletion of all circulating cells belonging to the B cell lineage
carrying the antigen CD20, and spare mature plasma cells and bone marrow stem
cells (Fig. 17.1). The observed rapid effect of rituximab in RRMS patients, however,
suggests an additional mechanism: the short-term impact of rituximab seems to be
the abolition of B lymphocytes as direct supporters of T lymphocyte activation (Bar-
Or et al. 2010). One of the major studies in MS showed the inefficacy of rituximab in
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primary progressive MS (PPMS), whereas it nearly halted disease in another trial, as
measured by MRI and a decrease of relapses (Table 17.1; Hawker et al. 2009; Hauser
et al. 2008). The occurrence of PML in patients with rheumatic arthritis gave reason
for caution also in MS patients. Although PML was known in rituximab-treated
patients with malignancies, so far the underlying disease had been held responsible
(Carson et al. 2009; Fleischmann 2009). However, PML has not been observed
in rituximab- treated MS patients. Together with infections, allergic reactions or
infusions-related reactions are the most common adverse events reported so far in
approximately 3 % of patients treated with rituximab (Tony et al. 2011). Allergic
reactions and neutralizing host antibodies are a common phenomenon when foreign
proteins are injected. Thus, the introduction of newer-generation anti-CD20 mAbs
that are either humanized, such as ocrelizumab, or have a complete human structure,
such as ofatumumab, give reason to expect high efficacy at a higher safety rate.
Ocrelizumab has just completed a phase II clinical trial in RRMS patients in which
both dosages used (600 and 2,000 mg) were clearly superior over placebo and the
IFNβ-treated arm, by reducing the number of Gd-enhancing MRI lesions by almost
100 % (Kappos et al. 2011). According to unpublished data presented at Neurologic
Meetings (ECTRIMS 2010), similar results have been expected for ofatumumab.

The therapeutic mAb alemtuzumab is presented in a separate chapter and is
therefore only briefly summarized here. Alemtuzumab binds to the surface marker
CD52 and depletes over 95 % of all circulating leukocytes (Fig. 17.1). As one of the
first mAbs intended for the therapeutic use in MS patients, alemtuzumab or Campath
was developed by the pathology department of the University of Cambridge in
the United Kingdom and applied in a MS trial in the early 1990s (Moreau et al.
1994). The trial results suggested an overwhelmingly strong effect when therapy
was initiated early in the course of disease but almost no effect when the disease had
progressed revealing the degenerative aspect of MS. Although neuronal and axonal
degeneration have been shown to occur early in the course of disease and no clear
chronological line can be drawn between these two aspects, clinical observations
deduced from the alemtuzumab studies clearly helped setting up the two-phase hy-
pothesis of MS: while in RRMS the inflammatory aspect of the disease prevails later
on during secondary progression MS (SPMS), it is the degenerative aspect, which
causes long-term disability. So far, the results of only one controlled phase II study
are available (Table 17.1) with participants either randomized to receive IFNβ-1a or
alemtuzumab (Coles et al. 2008). The study was suspended after the second year
due to the occurrence of six cases of immune thrombocytopenic purpura, one patient
with a fatal course where the symptoms had been ignored by the patients. Despite
the suspension, alemtuzumab-treated patients experienced up to 74 % less relapses
and had over 70 % less progression probability when compared to IFNβ-1a, and
remarkably, over 70 % of the patients treated with alemtuzumab were clinically free
of disease. However, many questions have prompted after the rather surprising high
rate of secondary autoimmune inflammatory syndromes of the thyroid gland in over
20 % of all alemtuzumab-treated patients, the majority of them suffering from hyper-
thyroidism. Increased levels of the inflammatory mediator IL-21 has been proposed



17 Current and Future Treatments of Multiple Sclerosis 375

for being responsible for the secondary autoimmunity in susceptible patients (Jones
et al. 2009). As pretreatment serum levels of IL-21 in these patients were elevated,
it might be a clinical surrogate marker that needs to be validated prospectively in a
larger cohort. The preliminary results of the two completed phase III clinical trials
CARE-MSSM I/II, including more than 1,500 RRMS patients, were presented at the
annual meeting of the American Academy of Neurology (2012) and widely confirm
previous findings; in CARE-MSSM II alemtuzumab also significantly reduced EDSS
progression probability.

Daclizumab is an anti-CD25 mAb that has been in use since the end of the 1990s in
transplant medicine to prevent kidney graft rejection, and is the first humanized mAb
to be approved for therapeutic purposes (Vincenti et al. 1998; Soulillou et al. 1990).
CD25 is a subunit of the Interleukin-2 receptor. Although the exact mechanism re-
mains to be deciphered, binding of the mAb to CD25 has been shown to decrease
T cell activity by cells of the innate immune system (Fig. 17.1): an increase of
a subpopulation of natural killer cells, so-called CD56 (bright) cells as well as a
decrease of dendritic cell activity have been implicated in this process (Bielekova
et al. 2011; Wuest et al. 2011). Daclizumab initially entered MS clinical trials and
was shown to be effective as add-on therapy in RRMS and SPMS patients who had
sustained disease activity despite IFNβ therapy (Bielekova et al. 2004). A phase II
clinical study included 230 patients who were randomized and received either high-
or low-dose daclizumab plus IFNβ versus placebo plus IFNβ, each over 6 months
(Wynn et al. 2010). Compared to IFNβ plus placebo, IFNβ plus daclizumab in both
doses led to a significant relapse rate reduction and reduction of Gd-enhancing MRI
lesions (Table 17.1). The results of the first randomized trials testing the efficacy
of daclizumab monotherapy, the SELECT—a registrational phase II–III study, and
DECIDE (phase III) trials, are outstanding as of April 2012. SELECT had enrolled
600 RRMS patients receiving either 150 or 300 mg daclizumab once monthly subcu-
taneous injections versus placebo in a 1:1:1 randomized fashion. Preliminary results
presented at the annual AAN 2012 demonstrate that daclizumab reduces ARR in
the high-dose arm by 50 and 54 % in the low-dose arm. In addition, Gd-enhancing
MRI lesions are shown to be significantly reduced in the daclizumab-treated cohort
(by 69 % in the low-dose and by 78 % in the high-dose arm). Concerning the safety
profile of daclizumab, longitudinal data from transplant medicine suggest a good
overall reliability with mild infections of the upper respiratory tract at an incidence
rate comparable to IFNβ, nAbs (∼8 %), and reversible skin rash (∼15 %) as the most
common side effects (Webster et al. 2010). However, one fatal case was reported in an
MS patient treated with daclizumab who developed psoas empyema and mesenteric
ischemia after dissemination of a local skin infection. The results of the multicenter
DECIDE study that was initiated in May 2010 with 1,500 RRMS patients with the
same treatment protocol as the SELECT study and a study period of 96–144 weeks
will provide further insight on efficacy and tolerability of daclizumab.
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17.3.2 Future Prospects

Research effort and clinical trials of the past decades have led to the current diagnos-
tic and therapeutic advances in the field of MS. However, various issues on different
levels remain unsolved. A reliable indicator for the ongoing search is the numerous
agents currently tested in clinical trials. MS remains the most common chronic neu-
rologic disabling disease of young adulthood, a period that is decisive in education,
career, and family planning. The treatment options reviewed in this chapter have
changed the field of MS within a relatively short time period. Which gaps need to be
addressed now?

17.3.3 Personalized Therapy

One of the main goals in a heterogeneous disease as MS is to apply available drugs
in an individualized fashion. A patient with a relatively aggressive form of disease
will need different treatment than a young woman who has had mild relapses and is
planning to have a child. Moreover, individualized therapy also means measuring the
efficacy of the applied drug and quantifying its risks. In addition to thorough clinical
monitoring, reliable surrogate markers consisting of serological, imaging, and also
genetic testing are needed next to establish the best possible treatment for individual
MS patients.

As reviewed for the approved drugs above, promising results from pharmacoim-
munologic studies, polymorphisms of the ABC genes in mitoxantrone response
and side effects are the first steps towards this direction (Cotte et al. 2009). Recent
larger screening studies have revealed further genetic polymorphisms associated
with therapy response to first-line DMA. They comprise polymorphisms in the
MHC gene family (HLA DRB1*1501) as a predictor for positive GLAT response
but also polymorphisms of multiple genes including not only IFN response
pathways (IFNAR2) for IFNβ therapy but also “neurologic” genes as the glutamate
receptor (GRIA3) (Gross et al. 2011; Comabella et al. 2009a, b). Associations with
genetic polymorphisms have not only been reported for therapy response but also for
therapy-related side effects. Several polymorphisms were found to be associated with
an increased level of IL-21, which in turn was significantly increased in patients de-
veloping autoimmune thyroid inflammation under alemtuzumab (Jones et al. 2009).
Yet, further HLA class II alleles have been shown to be significantly more often
present in MS patients, who develop nAbs against IFNβ that are associated with
efficacy loss in many patients (Hoffmann et al. 2008).

In addition to genetic and immunologic surrogate markers, MR imaging has be-
come a rapidly developing field for monitoring disease course, therapy response, and
also the occurrence of side effects. The MRI as a paraclinical measure of disease
activity has been involved in MS therapy trials, ever since the first approval studies of
IFNβ, and is now a key constituent of virtually every drug study (Paty and Li 1993).
With newer sequence techniques and the development of machines that have stronger
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magnetic fields allowing higher spatial and temporal resolutions, the MRI has evolved
to an irreplaceable tool. Many studies have manifested the predictive value of MRI
in MS disease and disability progression, however, more recent studies show that
MRI together with clinical measures over a period of 1 year entirely predict disease
progression over 2 years (Barkhof et al. 2011; Sormani et al. 2011). The development
of multivariate analyses that combine different surrogate markers including MRI has
also revealed first interesting insights: polymorphisms of the MHC gene family to-
gether with distinct MRI sequences can predict clinical outcome, as shown for HLA
DRB1*1501 that is significantly more often present in MS patients with major motor
function deficits and spinal cord damage; or HLA B*44 that predicts a favorable out-
come as quantified by the number of T2-weighted MRI lesions (Liguori et al. 2011;
Sombekke et al. 2009). Despite the current routine use of 1.5 or 3 T MRI machines,
in future sensitive images unraveling small cortical lesions can be expected, as ex-
perimental studies using ultrahigh field 7 T MRI promise (Pitt et al. 2010). Also,
broadly available MRI technologies, currently applied in research, e.g., functional
MRI studies and longitudinal studies evaluating brain atrophy have shown that func-
tional cortical deficits reflective of neuronal damage occur early in disease and can be
quantified (Deloire et al. 2011; Filippi et al. 2010; Colorado et al. 2012). Diffusion
tensor imaging (DTI) MRI and double inversion recovery (DIR) MRI are MRI se-
quence techniques that have been employed to quantify early inflammatory cortical
lesions and in areas in which the white matter appears normal on conventional MR
images (Seewann et al. 2012; Moll et al. 2011). These MRI studies go well in line
with established histopathological works that show early involvement of the brain
cortex in the autoinflammatory process. Recent neuropathological data also display
cortical lesions in pre-MS biopsies of individuals in whom MS became clinically
apparent only later (Lucchinetti et al. 2011). These observations underline the need
of early therapeutic intervention in MS to prevent irreversible tissue damage.

17.3.4 Neuroprotection—Therapies at Experimental Stages

However, once MS patients enter the stage of disease that is characterized by progres-
sive neurodegeneration, as in SPMS, or more obvious in the disease course that only
shows degenerative features, as in PPMS, the tools to save brain tissue become scarce.
Although drugs that showed regenerative features for RRMS, such as fingolimod,
are currently being tested in PPMS, the major challenge currently is how to protect
from and to reverse the neurodegenerative process in MS. Many neurologic disci-
plines, e.g., Parkinson’s, Alzheimer’s, and amyotrophic lateral sclerosis, face similar
challenges. Advances made in some of these disciplines have been successfully
translated into the field of MS and vice versa: the blockade of a neuronal ion chan-
nel (ASIC-1) that transports neurotoxic calcium levels in a mouse model of stroke,
successfully led to amelioration in the EAE (Xiong et al. 2004; Friese et al. 2007).
Based on these findings, amiloride, a well-known antihypertensive drug that blocks
several ion channels, is currently being investigated in a small exploratory trial in
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PPMS patients (Ruiter et al. 2011). Antilingo, a drug that is currently being tested
for its safety in phase I clinical settings has a similar background: the identifica-
tion and blockade of factors that inhibit axonal outgrowth (Nogo and LINGO1)
led to functional recovery in trauma-induced axonal damage (Prinjha et al. 2000;
Merkler et al. 2001). Applying similar principles to EAE showed their regenerative
potential also in inflammatory-mediated axonal injury (Mi et al. 2007). To investi-
gate whether administered stem cells have the capacity to replace damaged neuronal
tissue without causing neoplasms has long been a corporate question amid different
neurodegenerative diseases. Various small studies have been undertaken to test their
restorative potential (Uccelli et al. 2011). Besides the risk of undesired neoplasms,
the question remains, what administration technique is the most adequate to place the
stem cells at the site of damage. In an attempt to scrutinize the practicability and safety
of stem cells in MS patients, in a recent study, autologous stem cells were injected
intravenously in 10 patients with a progressive disease course (Connick et al. 2012).
The authors did not observe any severe side effects during the monitoring period of
10 months. Although many of these studies have shown promising results, up to date,
the question of whether the stem cells become functional neurons or myelin-forming
oligodendrocytes has not been solved.

Eight approved MS therapeutics emerging within only two decades and at least
another six at late-stage development demonstrate well the rapid translation from
understanding some pathomechanisms of the disease to therapy. At this stage,
further light needs to be shed on less well-understood aspects of MS, namely neu-
rodegeneration, and to target them therapeutically in combination with effective
immunomodulation.
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Chapter 18
Targeting CD52 for the Treatment of Multiple
Sclerosis

Alasdair Coles and Joanne Jones

18.1 Introduction

CD52 is the glycoprotein, of unknown function, that has been brought to prominence
because it is the target of the monoclonal antibody, Campath-1H, which is now
called alemtuzumab. Currently approved for the treatment of patients with advanced
chronic lymphocytic leukaemia (CLL), alemtuzumab is likely to be licensed as a
treatment for relapsing–remitting in 2013. This will be 22 years after it was first used
in Cambridge, UK, as an experimental drug in multiple sclerosis. This long gestation
is explained both by the time needed to understand the biological complexities of the
drug and also its repeated shuffling between industrial and academic sponsorship.

18.1.1 First Uses of Alemtuzumab: From Laboratory to Clinic

Alemtuzumab was originally known as Campath-1H, because it was a humanised
form of the first monoclonal antibody to be created for human use in the Pathology
Department of the University of Cambridge, following the invention of the technol-
ogy to make large quantities of monoclonal antibodies against almost any antigen by
the Nobel laureates Cesar Milstein and George Kohler (Kohler and Milstein 1975).
The original intention, by Herman Waldmann and colleagues, was to create a mono-
clonal capable of targeting and depleting human T cells from bone marrow in order
to treat leukaemia and prevent graft-versus-host disease (Waldmann and Hale 2005).
Soon, Martin Lockwood and other physicians at Addenbrooke’s Hospital in Cam-
bridge pursued its use in autoimmune diseases on the basis that T cell depletion
would disable the inflammatory process, leading to tolerance and disease stabilisa-
tion (Lockwood et al. 2003; Dick et al. 2000; Isaacs et al. 1995,1996a, b; Newman
et al. 1995).
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Initially, alemtuzumab was made in Cambridge by Geoff Hale and colleagues,
who subsequently moved to the Oxford academic unit called the Therapeutic An-
tibody Centre. But, as European regulations around drug manufacture and trials
tightened in the early 2000s, academic production of a drug became unfeasible, so
all further development of alemtuzumab had to be done directly with industry. At
first, British Technology Group® controlled the commercialisation of alemtuzumab.
They handed this on to Burroughs Wellcome®, who soon discontinued develop-
ment because of disappointing results in phase II rheumatoid arthritis trials. In 1997,
Leukosite® licensed rights to Campath-1H from BTG and went into joint venture with
ILEX Oncology®. In 1999, Millennium® purchased Leukosite and co-developed
Campath-1H with ILEX Oncology and Schering AG®. In 2001, Campath-1H was
licensed, as MabCampath©, for the treatment of chronic leukaemia in 2001. In 2004,
Genzyme® acquired ILEX from Millennium. In 2009, Genzyme and Bayer® (previ-
ously Schering AG) agreed that Genzyme would take sole responsibility for further
development of Campath-1H. In February 2011, Sanofi® acquired Genzyme.

18.1.2 Alemtuzumab and Its Antigen

Alemtuzumab is a humanised anti-CD52 monoclonal antibody with an approximate
molecular weight of 150 kD. It is genetically engineered by grafting rat complemen-
tarity determining regions (CDRs) into human framework regions fused to human
IgG1. CD52 is a cell-surface glycoprotein consisting of a short 12 amino acid peptide
with a C-terminal GPI anchor (Hale 2001; Xia et al. 1993, 1991), CD52 is differen-
tially expressed on peripheral blood mononuclear cell (PBMC) subsets, with memory
B cells and myeloid dendritic cells (mDCs) showing highest surface expression,
followed by T cell subsets. Natural killer (NK) cells, plasmacytoid dendritic cells
(pDCs) and basophils show lowest expression. Importantly, CD52 is not expressed
on haematological precursors. However it is produced by cells in the epididymis and
seminal vesicle being (Kirchhoff et al. 1993). Despite its wide expression, its phys-
iological role remains unclear; recent work suggests that surface-bound and soluble
CD52 may regulate T cell activation (Bandala-Sanchez et al. 2013).

18.1.3 Biological Effects of Alemtuzumab

Within minutes of infusing a single dose of alemtuzumab, peripheral lymphocytes
are undetectable in humans. This is associated with the induction of serum cytokines,
including TNF-α, IL-6 and interferon gamma, which peak from 2 to 6 h after ad-
ministration; this is likely to be due to cross-linking of NK cells rather than simply
cell lysis (Wing et al. 1996). Cytokine release causes infusion-associated symptoms,
which are successfully reduced or prevented by pre-treatment with corticosteroids
and anti-histamines (Moreau et al. 1996).



18 Targeting CD52 for the Treatment of Multiple Sclerosis 387

In vitro, alemtuzumab is capable of depleting cells by complement-dependent
cytotoxicity (CDC) and antibody-dependent cell-mediated cytotoxicity (ADCC) (Xia
et al. 1993). The degree of CDC that occurs has been shown to correlate with CD52
surface density, apart from mDCs and monocytes, which, despite relatively high
CD52 expression, are relatively resistant to depletion. These cells have been shown
to express high levels of complement inhibitory proteins (CIPs), which may in part
explain their resistance, demonstrating that, while important, CD52 density alone
does not define susceptibility.

To circumvent the problems of studying the mechanism of depletion in vivo,
the Kaplan group (Genzyme) created a transgenic mouse expressing human CD52,
with comparable tissue distribution and immune cell subset levels of expression
to those seen in humans (Hu et al. 2009). Treatment with alemtuzumab replicated
the transient rise in serum cytokines and depletion of peripheral blood lymphocytes
seen in patients. Lymphocyte depletion occurred in lymphoid tissue, but was not as
complete as in blood. Both lymphocyte depletion and cytokine induction were found
to be largely independent of complement and appeared to be mediated by neutrophils
and NK cells, as deletion of these populations with antibodies to Gr-1 or asialo-GM-
1 strongly inhibited alemtuzumab’s activity; whereas removal of complement with
cobra venom had little or no impact.

One explanation for alemtuzumab’s efficacy as a treatment of multiple sclerosis is
its ability to cause a long-lasting lymphopenia. However, the paucity of opportunistic
infections and striking incidence of novel autoimmunity after treatment suggests that
immune responses are very much intact post-alemtuzumab. For this and other rea-
sons, we prefer the interpretation that the therapeutic effect of alemtuzumab is not due
to lymphopenia per se, but rather due to the long-lasting immune changes it induces.

We have shown that the composition of the circulating lymphocyte pool is sig-
nificantly altered after alemtuzumab. Simply in terms of numbers, T cells are
under-represented; with CD8 and CD4 lymphocytes taking on average 20 and 35
months, respectively, to reach the lower limited of normal (LLN), with counts never
returning to baseline for the majority of patients (only 30 and 21 % of patients, re-
spectively). As CD8 cell recovery is more rapid than CD4, for the first 3–6 months
the CD4:CD8 ratio is reversed. In contrast to T cells, B cells and monocytes recover
rapidly. After alemtuzumab, B cell numbers return to baseline by 3 months, then
typically continue to rise further reaching supra-normal levels by 12 months (partic-
ularly, after the first cycle of treatment). Monocytes recover to the LLN within days
of treatment and are at 80 % of baseline by 3 months, then remain stable at this level.

Altered composition due to differential reconstitution is only part of the story,
as phenotypic and functional changes are also observed. In particular, for the first
6 months or so, there is a predominance of memory T cells, particularly those with
a regulatory phenotype (CD4+CD25hiFoxP3+), with reduced constitutive cytokine
expression (Cox et al. 2005). During this time, the B cell compartment is largely
naive, initially dominated by transitional type 1 cells (CD19+/CD23−/CD27−),
then after 3 months by “mature naive” cells (CD19+/CD23+/CD27−), Memory B
cells (CD19+/CD27+) are slow to return (Thompson et al. 2009; Hill-Cawthorne
et al. 2012).
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18.1.4 Dosing and Pharmacokinetics of Alemtuzumab

The dosing schedule for alemtuzumab in the phase III trials was an intravenous
infusion of 12 mg/day for 5 consecutive days in the first cycle and 3 consecutive
days in the second cycle. Evidence from the extension of the phase II trial suggests
efficacy of two cycles is durable to 5 years of follow-up (Coles et al. 2012). Current
practice in Cambridge, UK, therefore is to give two cycles of alemtuzumab electively,
but to await a return of disease activity to trigger subsequent cycles.

Alemtuzumab has complex pharmacokinetics with non-linear elimination, and is
probably different between autoimmune conditions and leukaemia, where the CD52
antigen may be present in vastly greater numbers (Le Page et al. 2008; Rebello
et al. 2001; Rebello and Hale 2002). Clearance of the drug reduces with repeated
administration due to loss of receptor-mediated clearance. Comparisons of the area
under the curve in male and female patients have suggested that dose modification
is not necessary. The pharmacokinetics of alemtuzumab has not been studied in
paediatric patients or in those with hepatic or renal impairment.

Neutralising Antibodies Despite being humanised, alemtuzumab induces
antialemtuzumab-binding and -neutralising antibodies in up to 30 and 70 %
of patients 1 month after the first and second cycles, respectively. However, because
the interval between treatment cycles is at least 1 year, such antibodies usually
become undetectable before the next cycle (Somerfield et al. 2010). We anticipate
that persistent neutralising antibodies may become problematic in patients who
have received multiple alemtuzumab cycles. So to address this, in collaboration
with Herman Waldmann and Geoff Hale, we tested the strategy of tolerising to
alemtuzumab, by pretreatment with a high dose of a non-cell-binding variant called
SM3 (Somerfield et al. 2010).

Classical “high-zone” tolerance experiments have shown that monomeric (deag-
gregated) antibodies, when given without adjuvants, can induce tolerance. T cell
tolerance can be achieved with low doses, whereas combined T and B cell toler-
ance requires high doses. Antibodies that bind to cells aggregate and have enhanced
immunogenicity, even at low doses; in addition, “danger signals” in the form of cy-
tokines released during cytolysis would further undermine tolerance induction. So,
it was reasoned that high doses of a non-cell-binding variant of alemtuzumab may
be able to tolerise to all “wild-type” epitopes (both T and B cell).

SM3 was first shown to successfully tolerise to “wild-type” alemtuzumab in the
CD52- expressing transgenic mouse (Gilliland et al. 1999). SM3 was constructed
by making a point mutation in the H2 loop of the H chain (Lys53 to Asp53), a
region of the antibody shown to be critical for CD52 binding. More recently, we
have tested SM3 in humans (Somerfield et al. 2010). An infusion of high-dose SM3
prior to the first cycle of alemtuzumab reduced the percentage of patients with a
detectable antiglobulin response to a second cycle of alemtuzumab (where SM3
was given) from 74 to 21 %. Furthermore, the concentration of anti-alemtuzumab
antibodies was reduced by more than 300-fold. We do not know how long this
tolerance, partial for some patients and complete for most, will persist. Only repeated
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cycles of alemtuzumab will clarify this. Nonetheless, this work has provided proof
in principle that it may be possible to tolerise against biological agents intended to
be given long term.

18.2 Clinical Trial Experience: Efficacy of Alemtuzumab

18.2.1 Early Days: Treatment of Progressive Multiple Sclerosis

In 1991, when the first patient with multiple sclerosis was treated using alemtuzumab,
it was believed that this form of the disease was due to repeated waves of cerebral
inflammation and was simply a more aggressive form of relapsing–remitting disease.
So, the first group of patients to be treated with alemtuzumab for multiple sclerosis
were 36 patients with progressive disease, with disease duration of 11 years, a mean
EDSS score of 6.5 and an average of 0.7 relapses per year, whose disability had wors-
ened by ≥ 1 EDSS point in the preceding year (Kurtzke 1983). After alemtuzumab,
the mean relapse rate fell to 0.02 per annum, representing a 97 % reduction and new
MRI lesion formation was also reduced by 90 % reduction was demonstrated. How-
ever, despite this potent anti-inflammatory activity, patients’ disability continued to
deteriorate at a mean of 0.2 EDSS points per patient per annum, which correlated
with continued progressive cerebral atrophy. Those patients with greatest worsening
of disability and brain atrophy had the highest MRI T2 lesion load at baseline. Re-
markably, when these patients were re-examined by MRI 7 years later, there was no
mean increase in T2 lesion volume, suggesting that there had been no new inflamma-
tory events in the intervening years. However, there had been further brain atrophy
(Coles et al. 2006) At latest follow-up, a median of 14 years post-treatment, the
cohort’s median disability had worsened to EDSS 7.5 (range 4.5–9; Hill-Cawthorne
et al. 2012).

Our conclusions from this experience were that progressive disability is not due to
inflammation, which is successfully suppressed by alemtuzumab, but due to progres-
sive cerebral atrophy, which is due to non-inflammatory mechanisms conditioned by
previous inflammation. We speculated that immunotherapies would be more effective
if given earlier in the course of the disease.

18.2.2 Pilot Studies in Relapsing–Remitting Disease

The second group of patients to be treated with alemtuzumab had relapsing–remitting
multiple sclerosis, with a mean disease duration of only 2.7 years but aggressive
disease evidenced in the previous year by a mean relapse rate of 2.2 and an associated
increase in their EDDS of 0–7.5 points. After alemtuzumab, their relapse rate fell
to 0.14, a 94 % reduction. Unlike the progressive cohort, discussed above, mean
disability scores fell after alemtuzumab (by a mean of 1.2 points at 2 years).
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We concluded that disability accumulation early in multiple sclerosis is driven
by inflammation and that anti-inflammatory treatments are effective if given early
in the course of the disease. From this analysis emerged our suggestion that there
is a “window of therapeutic opportunity” for immunotherapies in multiple sclerosis
(Coles et al. 2006).

18.2.3 Industry-Sponsored Trials of Alemtuzumab

In collaboration, first with Ilex Oncology and then Genzyme, we designed a
programme for the clinical trial development of alemtuzumab.

The principles behind this programme, which make it unique amongst multiple
sclerosis clinical trials, were:

• That patients with early multiple sclerosis should be included. With the phase II
trial, CAMMS223, we limited disease duration to 3 years from first symptom.
This was loosened to 5 and 10 years for the phase III trials, CARE-MS1 (Coles
et al. 2012) and CARE-MS2 (Cohen et al. 2012), respectively.

• That patients should not have acquired significant disability. For phase II, an
inclusion criterion was EDSS ≤ 3.0, which was replicated in CARE-MS1 and
extended to EDSS ≤ 5.0 in CARE-MS2.

• That patients should have above-average disease activity, represented by two re-
lapses over the preceding 2 years. In the phase II trial, there was also a requirement
for gadolinium-enhancing lesions to be present in one of at most four baseline
MRI scans (MRI disease activity was not required for phase III trial inclusion).

• That alemtuzumab should be compared in all trials against an active drug. At
the time of the design of these trials, the only disease-modifying therapies in
routine use in multiple sclerosis in all regions were three types of interferon beta
and glatiramer acetate. We elected to compare alemtuzumab against interferon
beta-1a, given three times weekly.

• That disability should be a primary outcome in all trials. We chose to test the
ability of alemtuzumab to reduce the number of patients whose EDSS Kurtzke
score increased by at least one point, confirmed at 6 months. This was combined,
in all three trials, with relapse rate as a co-primary endpoint.

• That alemtuzumab should be tested both as a first-line therapy (in the phase
II trial and one of the phase III trials, CARE-MS1) and in patients who had
experienced disease active on one of the licensed disease-modifying therapies
(CARE-MS2). We did not include a population of patients who had “failed” such
therapies. Rather, we selected a group of patients in whom there is considerable
uncertainty about best management: those who may have had just one relapse
whist on therapy whilst on therapy. Such a patient may not fulfil the criteria of
“highly active disease” for licensed second-line therapy (such as natalizumab
or fingolimod) and so may be encouraged to remain on their original therapy.
However, they are at higher risk of accumulating fixed disability, even in the
short term (Rudick et al. 2004; Prosperini et al. 2009; Rudick and Polman
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Table 18.1 Baseline characteristics of patients in industry-sponsored studies

Phase 2 Phase3 Phase 3
CAMMS 223a,
N = 333

CARE-MS I,
N = 581

CARE-MS IIa,
N = 637

Age, years mean (SD) 32.3 (8.5) 33.0 (8.2) 35.1 (8.6)
Gender % female 64.3 64.7 66.9
EDSS score mean (SD) 2.0 (0.7) 2.0 (0.8) 2.7 (1.2)
Disease duration, years median (range) 1.3 (0.1–6.3) 1.7 (0.1–6.0) 3.8 (0.2–16.9)
Relapses in past 2 years, n mean (range) 2.3 (1–7) 2.4 (1–7) 2.7 (1–9)
a Just including here patients on the 12 mg/kg alemtuzumab arm

2009). When combined with increasing evidence that interferon beta has no
long-term effect on disability (Ebers et al. 2010; Shirani et al. 2012), there is
increasing pressure to augment therapy in such a patient.

Such considerations led to the selection of trial cohorts with the demographics and
disease characteristics given in Table 18.1.

Table 18.2 summarises the clinical efficacy of data from these trials. We conclude
that:

1. Alemtuzumab definitely reduces relapse rate compared with interferon beta-1a.
2. Alemtuzumab probably also reduces the accumulation of disability compared

with interferon beta-1a. The evidence for this is less robust than for relapse rate
reduction. In the phase II trial and CARE-MS2, the phase III trial in “treatment-
experienced” patients, alemtuzumab also reduced the number of patients who
acquired fixed disability during the trial. In CARE-MS1, fewer alemtuzumab
patients accumulated disability than those on interferon beta-1a, but this difference
was not statistically significant. One explanation for this apparently anomalous
result is that, inadvertently, a cohort with particularly benign disease was recruited.
The evidence for this is that the expectation, from prior experience, was that 20 %
of patients would have a 6-month disability event on interferon beta-1a, but in
fact only 11 % met this criterion.

3. In the phase II trial and CARE-MS2, not only did alemtuzumab lead to re-
duced proportions of people developing fixed disability, but mean disability of
alemtuzumab-treated patients actually improved over 3 and 2 years, respectively.
We described a novel outcome measure to capture this: “sustained reduction in
disability” that is a fall in EDSS of ≥ 1 point confirmed at 6 months (Coles et al.
2011). Greater numbers of patients met this criteria after alemtuzumab treatment.

18.3 Safety of Alemtuzumab as a Treatment of Multiple
Sclerosis

18.3.1 Infusion-Associated Symptoms

An infusion reaction, due to cytokine release, is common at the time of alemtuzumab
treatment, with a rash, headache, influenza-like symptoms and less frequently
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Table 18.2 Efficacy of alemtuzumab

Phase 2 Phase 3 Phase 3
CAMMS 223a,
N = 223

CARE-MS1,
N = 581

CARE-MS2,
N = 637

Over 3 years Over 2 years Over 2 years

Relapse rate
Relapse rate reduction 69 %** 55 %*** 49.4 %***
Annualised relapse rate (alem

vs. IFNβ)
0.10 vs. 0.36 0.18 vs. 0.39 0.26 vs. 0.52

Proportion relapse free(alem
vs. IFNβ)

77 vs. 52 %** 78 vs. 59 %*** 65 vs. 47 %***

Disability
% patients with sustained

accumulation of disability
at 6 months

7 vs. 26 %** 8 vs. 11 % Not
significant

13 vs. 20%**

Change in mean EDSS from
baseline

Improvement of 0.39
compared with
deterioration of 0.38
on IFNβ1a**

No significant
change

Improvement of 0.17
compared with
deterioration of 0.24
on IFNβ1a***

Hazard ratio of patients with
sustained reduction in
disability

Not assessed No significant
change

2.57 (1.57, 4.2)**

a Just reporting here the results of the 12 mg/kg arm
** p < 0.01; *** indicates p < 0.001

transient recurrence of previous MS symptoms (Table 18.3). Pre-treatment with
corticosteroids, an anti-histamine and paracetemol minimises these symptoms and
they are generally well tolerated.

18.3.2 Infections

When we first used alemtuzumab, we anticipated that the lymphopenia it induced
would predispose to opportunistic infections. But these have been striking by their
absence; progressive multifocal leukoencephalopathy, cytomegalovirus and pneu-
mocystis pneumonia have not been seen. Cases of infections, encountered in our
open-label trials in Cambridge, that are potentially attributable to immune suppres-
sion are one case each of spirochaetal gingivitis, pyogenic granuloma and Listeria
meningitis. Each of these patients went on to recover fully. The Listeria infection
was contracted after eating unpasteurised cheese. Dietary advice is now included in
the safety measures of alemtuzumab treatment.

In all trials, mild-to-moderate infections, especially of the respiratory and uri-
nary tracts, were more frequent amongst patients receiving alemtuzumab than those
receiving interferon beta-1a (Table 18.3).
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Table 18.3 Safety profile of alemtuzumab

Phase 2 Phase 3 Phase 3
CAMMS 223a,
N = 333

CARE-MS I,
N = 581

CARE-MS IIa,
N = 637

Over 3 years Over 2 years Over 2 years

Deaths 1 due to ITP 1 due to
myocardial infarct

1 due to motor
accident

1 due to motor accident 1
due to aspiration
pneumonia

Infusion-associated
symptoms

98 % 90 % 92 %

Infections
All 66 % mild to moderate

(47 % on IFNβ)
67 % mild to moderate

(46 % on IFNβ)
79 % mild to moderate

(66 % on IFNβ)
Life-threatening 0 0 0

Autoimmunity
Thyroid 26 % 18 % 17 %
ITP 0.9 % 0.8 % 1 %
Goodpastures’

syndrome
0 1 case on extended

follow-up
0

Neoplasia (alem vs.
IFNβ)

2.8 vs. 0.9 % 0.5 % vs. 0 0.6 vs. 1.5 %

Details 1 colon cancer after
IFNβ-1a, 1 cervical
cancer, 1 breast
cancer, and 1
non-EBV-associated

2 cases of papillary
thyroid cancer after
alemtuzumab

1 basal cell carcinoma on
IFNβ and 1 on
alemtuzumab. 1 thyroid
and 1 parathyroid
tumour after
alemtuzumab. 1 acute
myeloid leukaemia on
IFNβ

Burkitt’s lymphoma in
patients receiving
the 24-mg dose of
alemtuzumab

a Just reporting here the results of the 12 mg/kg arm

18.3.3 Malignancy

Cancers have not been statistically more frequent after alemtuzumab than interferon
beta-1a in any of the trials (Table 18.3). But it should be recognised that these studies
are not powered to pick up differences in low-frequency events. Malignancies of note
are papillary thyroid cancer and one case of Burkitt’s lymphoma. In the phase III tri-
als, there were three cases of thyroid papillary carcinoma, all detected as a result of in-
vestigation of biochemical thyroid dysfunction. We do not suspect that alemtuzumab
causes thyroid carcinoma, because the incidence of papillary carcinoma incidence of
papillary carcinoma in patients with Graves’ disease is estimated at 3–4 % (Kraimps
et al. 2000; Kim et al. 2004), with a suggestion that thyroid evaluation or surgery
in such patients may identify some cancers incidentally (Berker et al. 2011). In the
extension of the phase II trial, one patient died from non-EBV-associated Burkitt’s
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lymphoma, which is an unusual tumour usually seen in immunocompromised indi-
viduals, for which reason we suspect may have been caused by alemtuzumab. An
additional patient developed Castleman’s disease, a pre-lymphomatous condition,
now in remission after R-CHOP (Somerfield et al. 2010).

18.3.4 Autoimmunity

The principal adverse effect of alemtuzumab is novel autoimmunity arising months
to years after treatment. This is a recognised phenomenon of reconstitution from
lymphopenia in a variety of different conditions (Hsiao et al. 2001; Gilquin et al.
1998). After treatment with alemtuzumab, the thyroid gland is the most common
autoimmune target, being affected in –30 % of patients, most frequently with the
development of Graves’ disease. The predilection for the thyroid gland has not been
explained predilection has not been explained although we suspect lymphopenia may
have uncovered an inherited susceptibility to autoimmune thyroid disease in people
with multiple sclerosis. Other evidence for this is the increased incidence in Graves’
disease amongst relatives of people with multiple sclerosis (Broadley et al. 2000;
Heinzlef et al. 2000).

Other autoimmune conditions have been seen after alemtuzumab (Table 18.3).
Six patients (3 %) receiving alemtuzumab on the phase II trial developed immune
thrombocytopenia. The index patient died of a brain haemorrhage. In retrospect,
unreported cutaneous signs of a falling platelet count had been present for a number
of weeks. Subsequent cases were identified by a risk management programme with
education for patients and regular follow-up with specific discussion of the signs and
symptoms of thrombocytopenia alongside monthly blood counts. This programme
was carried through to the phase III trials in which other cases of immune throm-
bocytopenia (1–3 %) were identified and managed before any significant bleeding
events occurred. Most have required corticosteroids; a number of patients have had
intravenous immunoglobulin and some rituximab. All these patients are now well,
most off treatment and with normal platelet counts.

Other autoimmune diseases have occurred at lower frequency after alemtuzumab:
there have been three cases of Good-pastures’disease, in two of which renal transplant
was required; the remaining case has stable renal function off treatment. These have
been reported a number of times in the literature (Coles et al. 2006; Clatworthy
et al. 2008). There have also been single cases of autoimmune neutropenia and
autoimmune haemolytic anaemia.

18.3.5 Mechanism of Autoimmunity After Alemtuzumab

The paradoxical association between lymphopenia and autoimmunity is well recog-
nised both experimentally and clinically (Gleeson et al. 1996; Khoruts and Fraser
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2005; Zandman-Goddard and Shoenfeld 2002; King et al. 2004); indeed, more re-
cently, the observation that lymphopenia leads to exaggerated anti-self responses
has been exploited to enhance anti-tumour immunity (Dummer 2002; Wrzesinski
et al. 2010; Gattinoni et al. 2005). Although why lymphopenia should promote self-
reactivity is not fully understood, it is thought that changes in T cell differentiation
and function induced by lymphopenia are permissive for breakdown in self-tolerance.

In a lymphopenic adult (with an atrophied thymus), early T cell reconstitution is
dominated by the homeostatic expansion of T cells that have escaped depletion. This
process relies on stimulation through self-peptide-self-MHC and non-self-peptides-
self-MHC driven by homeostatic cytokines (Do et al. 2012; Kieper and Jameson
1999; Ge et al. 2004). The resulting T cell population is oligoclonal and short
lived. Rapidly expanding cells acquire the phenotypic and functional characteris-
tics of memory cells, including reduced dependence on co-stimulation, the ability
to respond to lower doses of antigen than naive cells and the rapid secretion of
inflammatory cytokines on re-stimulation (Cho et al. 2000; Goldrath et al. 2000;
Murali-Krishna and Ahmed 2000). The group of Sarvetnik demonstrated in the
nonobese diabetic (NOD) mouse (in which the mice are mildly lymphopenic) that
onset of diabetes and destructed insulinitis strongly correlates with the fraction of
rapidly dividing T cells; with CD8+ “memory-like” cells playing a major role in
disease pathogenesis (King et al. 2004). More recently, Le Saout et al. (2008) have
shown that CD8+ memory cells generated during lymphopenia cannot cause autoim-
munity by themselves, but that self-tolerance can be overcome by the co-operation of
memory-like CD4+ and CD8+ T cells under lymphopenic conditions. These studies
point to lymphopenia as the trigger for autoimmunity, with memory-like T cells (CD4
and CD8) generated through homeostatic expansion acting as pathogenic effectors.

Following alemtuzumab, treatment of multiple sclerosis memory/memory-like
CD8+ and CD4+ T cells dominate the reconstituting pool (Cox et al. 2005). These
cells are highly proliferative and susceptible to apoptotic cell death; with rates of cell
turnover and T cell death correlating with autoimmunity (Jones et al. 2009). King
et al. demonstrated IL-21 levels to be four to seven fold higher in T cells from the
NOD mouse (relative to B10H2g7 mice and congenic-B6.Idd3.NOD mice), with
higher expression of the receptor for IL-21 (King et al. 2004). We have demonstrated
that patients developing autoimmunity following alemtuzumab treatment of their MS
have twofold higher circulating levels of IL-21 compared with the non-autoimmune
group. Importantly, this difference was evident before treatment, leading us to suggest
that Il-21 may serve as a biomarker for the risk of developing autoimmunity months
to years after treatment (Jones et al. 2009).

18.4 Conclusion

With the success of alemtuzumab across a wide range of clinical indications, no doubt
efforts are being made to develop monoclonal antibodies against other epitopes of
the CD52 molecule, and indeed biosimilars of alemtuzumab. But for the present, the
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only data on the effects of targeting CD52 as a therapy for multiple sclerosis come
from alemtuzumab, which we have been studying for 20 years.

Alemtuzumab is an unlicensed exploratory treatment for relapsing–remitting mul-
tiple sclerosis. A unique development programme has tested alemtuzumab against
an active comparator in people with early disease in one phase II and two phase
III trials. In each, alemtuzumab offers clinical efficacy superiority over interferon
beta-1a. However, it has potentially serious adverse effects, particularly autoimmune
diseases months or years after alemtuzumab. These require careful monitoring and a
high degree of vigilance from patient and physician alike to institute timely therapy.

There is not yet a consensus on the place of alemtuzumab in the management
of people with multiple sclerosis. Some will argue that, given the complex safety
profile of alemtuzumab, it would be best to reserve it for patients who have failed
other disease-modifying therapies. It is important that the potential downside of
this strategy is recognised: the phase II alemtuzumab trial illustrated the disability
advantage of treating early multiple sclerosis with first-line alemtuzumab. Others
may use alemtuzumab as an “induction therapy” to induce disease remission, to be
followed by either interferon beta or copaxone.

Important considerations for the future are the long-term safety of alemtuzumab,
particularly for low-frequency events. If the provisional IL-21 findings are confirmed,
then it may be possible to use serum IL-21 as a predictive biomarker of autoimmunity,
the most concerning adverse effect of alemtuzumab identified to date. This would
allow individual risk/benefit counselling for people considering alemtuzumab as a
treatment. Furthermore, it would allow patients to be streamed into a “high-” and
“low-”intensity monitoring programme after alemtuzumab treatment.

It is unclear whether subsequent cycles of therapy prolong or augment the estab-
lished risks of two cycles of therapy. Nor is it yet known how frequently alemtuzumab
should be given over the long term, and whether repeat cycles should be given at
fixed intervals or only—as at present—when there is evidence for disease break-
through. Options include: a fixed schedule of retreatment, retreatment only with no
disease activity or retreatment with drugs such as interferon beta in an “induction”
programme.
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Chapter 19
Haematopoietic Stem Cells for the Treatment
of MS

Sofia Abrahamsson, Miriam Mattoscio and Paolo A. Muraro

19.1 Introduction

The last decade of research has achieved unprecedented advances in our under-
standing of stem cell biology. Amongst the best characterised types of stem cells
are haematopoietic stem cells (HSC). Starting from the morphological description
of bone marrow (BM)-resident cells in the early 1900s, studies on the physiologi-
cal function of haematopoietic precursor cells have caught momentum in the 1960s
and 1970s and have expanded exponentially following the increased availability
of reagents and molecular methodologies in the 1980s and 1990s. In parallel, the
clinical application of BM— and peripherally mobilised HSC—transplantation for
haematological indications has been studied intensively in trials and applied in clin-
ical practice. Since the mid-1990s, treatment of autoimmune disorders, including
multiple sclerosis (MS), with autologous haematopoietic transplantation has been
explored in clinical trials. More recently, an integrin-blocking antibody approved for
treatment of MS has been shown to exert an effect on HSC recirculation as well as
the expected effects on leucocyte trafficking.

The aim of this chapter is to introduce essential elements of HSC biology, review
the immunological basis and the clinical results of autologous haematopoietic stem
cell transplantation (AHSCT) for treatment of MS and to discuss the evidence for
and functional implications of HSC mobilisation during anti-α4 integrin treatment.

19.2 HSC Biology

HSC are the best characterised human adult stem cells, present in most self-renewing
tissues including the skin, the intestinal epithelium as well as the haematopoietic
system (Wilson and Trumpp 2006).
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At the turn of the twentieth century, anatomists examining the BM macroscop-
ically first noticed the presence of a variety of cells with different morphology
corresponding to various lineages of blood cells, also possible at different stages
of differentiation (Doulatov et al. 2012). HSC were then functionally identified by
McCulloch and Till who were the first to perform a clonal in vivo repopulation
assay in a mouse model demonstrating that blood lineages are derived from multi-
potent cells that form macroscopic colonies in the spleen following transplantation
(Till and Mc 1961). Since then, the use of mouse models has been essential and has
given fundamental inputs to the understanding of human haematopoiesis and HSC
biology. In vitro, human BM cells were shown to be capable of generating colonies
(colony forming units, CFU) when layered onto human peripheral blood (PB; Pike
and Robinson 1970) and were then enriched in culture enabling the characterisation
of long-term culture-initiating cells (LTC-IC) constituting the more primitive and
long-term ‘self-renewing’ stem cell population in the BM, while short-term HSC
were defined as having a limited self-renewal capacity (Sutherland et al. 1989).

Self-renewal is one of the unique abilities of stem cells through which cells retain-
ing the stem cell fate are produced to ensure that stem cell reserves are maintained
over time. The extraordinary developmental potential of HSC is also achieved by
their capacity to differentiate giving rise to a defined population of mature down-
stream progeny that is able to maintain or repair the host tissue (Fuchs et al. 2004);
in the mouse, even a single HSC can reconstitute the entire haematopoietic system
(Osawa et al. 1996) and several humanised models have proven that human HSC
can engraft immune-deficient mice (Weissman 2000) and repopulate the BM of the
transplanted animal (Kamel-Reid and Dick 1988).

Regulation of human HSC activity and function in vivo is thought to depend
on a specific microenvironment, which has been termed ‘stem-cell niche’. A stem-
cell niche, as first proposed by Schofield (Schofield 1978), can be defined like a
spatial structure in which stem cells are housed and associated with other cell types
that are responsible for HSC maintenance by allowing self-renewal and preventing
differentiation.

The first evidence of how relevant the BM microenvironment is to HSC reten-
tion and function comes again from studies in a mouse model (Barker 1994, 1997).
It is now well accepted that the HSC BM microenvironment comprises both an
endosteal and a vascular niche (Fig. 19.1). The former consists of the endosteal
bone surfaces, which are lined with stromal cells, and Spindle-shaped N-cadherin-
expressing osteoblasts, which serve as niche cells to maintain quiescence and prevent
differentiation of HSC (Zhang et al. 2003). The quiescent endosteal niche would
maintain dormant HSC long term (Arai et al. 2004). In response to injury or
treatments as well as during homeostasis, quiescent HSC can be activated and re-
cruited to the vascular niche, where they would locate next to the osteoblasts and
would attach to the fenestrated endothelium of the BM sinusoids (Kiel et al. 2005).
This microenvironment would contain quiescent HSC intermingled with dividing
HSC. Symmetrical divisions can indeed generate more HSC, thus an individual
HSC would divide into two identical daughter cells maintaining the same stem cell
fate and providing the vascular niche with new HSC. It remains to be determined
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Fig. 19.1 Bone marrow niches and HSC mobilization to the peripheral compartment. Bone marrow
(BM) niches, both endosteal and vascular, provide haematopoietic stem cells (HSC) with structural
support as well as with cell-to-cell interactions and exposition to soluble factors, thus regulating
HSC function. This schematic representation shows both quiescent and dividing HSC, the latest
respectively self-renewing in the endosteal niche and going through asymmetric division in the
vascular niche. In the endosteal niche, HSC are in firm contact with stromal cells and osteoblasts,
while in the vascular niche they are located next to the BM sinusoids. Multipotent progenitors
(MPP) and long term repopulating HSC can adhere to the endothelial cells of the BM sinusoids
and access the peripheral circulation, subsequently migrating to the target organs and tissues.
From the periphery, HSC can also home back to the BM through transendothelial migration to the
vascular niche

whether HSC self-renewal can take place long term in the vascular niche; influx
from the endosteal niches may be necessary to ensure prolonged haematopoietic
cell production (Wilson et al. 2007; Wilson and Trumpp 2006). Also, self-renewing
HSC activated by injury have the ability to return to quiescent status (Randall and
Weissman 1997).

In the vascular niche, HSC can also produce multipotential progenitors (MPP)
by asymmetric division, thus promoting differentiation and expansion of megakary-
ocytic and other myeloid cell lineages, particularly in response to injury. MPP can
give rise to all haematopoietic lineages, including B cell precursors attached to ran-
domly distributed CXC-chemokine ligand 12 (CXCL12)-expressing stromal cells,
fundamental in the ‘B cell niche’. T cell precursors would migrate to the thymus,
whose unique microenvironment supports T cell maturation (Wilson et al. 2008;
Wilson et al. 2007; Wilson and Trumpp 2006).

HSC can be defined not only by function but also by expression of specific surface
markers. In humans, the recent characterisation of BM HSC has been enabled by the
numerous informative studies that have been carried out in mice. Murine HSC were
first isolated as a lineage-negative (Lin–), c-Kit+, Sca-1+(LSK) population (Harrer
et al. 2012); cells possessing multilineage reconstitution and self-renewal capacities
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were then identified as CD34– (Osawa et al. 1996) and among those CD34−LSK
cells, those expressing a CD150+CD48- SLAM phenotype were shown to have
long-term-HSC activity (Doulatov et al.).

In humans, purification of BM HSC requires detection of CD34, which is ex-
pressed on less than 5 % of all blood cells and was first marker utilised to enrich
products in human HSC and progenitors (Civin et al. 1984) since they express it
on their surface in a proportion higher than 99 %. Human HSC also express FLT3
receptor (Sitnicka et al. 2003), not found on mouse cells, whereas they do not express
CD150 (Larochelle et al. 2011).

However, among the total CD34+ population, only the small subset of
CD34+Thy1+ cells has multilineage capacity (Murray et al. 1995); therefore, in
recent years, human LT-HSC have been defined as CD34+CD38-Thy1+CD45RA-
(or ‘Thy1+’ HSC) while CD45RA and CD38 expression has been used to identify
more differentiated progenitors that negatively enrich HSC (Bhatia et al. 1997).

Another remarkable function of HSC is their motility (Fig. 19.1). As shown by
several animal studies, in response to specific signals, HSC can both exit the BM,
by a process named as ‘mobilisation’, and migrate through the peripheral circulation
back to their niche, by a phenomenon known as ‘homing’(Wilson and Trumpp 2006).

HSC mobilisation is mediated by changes in adhesion, mediated by changes in
integrin expressions and activation status, modification of chemokine and growth
factor receptor signalling and alteration of other less well-defined pathways. For
example, deficiency of both Rho GPTases Rac1 and Rac2 was proven to lead to
massive HSC mobilisation from the mouse BM and was also associated with inef-
fective haematopoiesis, both effects being reversed by re-expression of Rac1 (Jansen
et al. 2005). Extensive HSC mobilisation is known to occur following treatment with
granulocyte colony-stimulating factor (G-CSF) and/or cyclophosphamide; DNA-
damaging agents by themselves can induce massive cell death of cycling HSC in the
BM, spleen and blood and cause severe damage to the BM endothelium resulting into
a dramatic increase in the levels of secreted chemokines, cytokines and proteolytic
enzymes (Lapidot et al. 2005). The release of neutrophil proteases is a key mediator
in the mobilisation process, which leads to the degradation of BM retention signals
and adhesive connections such as membrane-bound SCF, adhesion molecules like
P and E selectins and Very Late Antigen 4 (VLA-4), chemokines such as stromal
derived factor-1 (SDF-1 or CXCL12) and IL-8 as well as for activation of proteolytic
enzymes such as elastase and cathepsin G. Interaction of G-CSF with SDF-1 in the
BM mediates mobilisation of human and murine stem cells, also causing reduction of
SDF-1 levels on the surface of immature osteoblasts and upregulation of CXCR4 on
the surface of HSC (Lapidot and Petit 2002). As for HSC activation processes within
the niche, HSC release from the BM can also be observed during homeostasis, when
a small number of HSC are constantly released into the circulation and constitute a
rapidly accessible source of HSC to continuously repopulate the thymus and areas
of damaged BM. On the other hand, HSC can also access the peripheral circulation
subsequent to the physiological bone remodelling that causes constant destruction
and re-formation of HSC niches (Wilson et al. 2008; Wilson and Trumpp 2006).
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Stem cell release/mobilisation and homing are believed to be sequential events.
Mobilised transplanted HSC can indeed be recruited from the peripheral circulation
to the BM microvasculature and have the capacity to subsequently home back to the
BM through transendothelial migration into its extravascular haematopoietic cords
(Barker 1994; Wilson and Trumpp 2006). Homing is a rapid process, which can lead
to transient retention and does not necessarily require cell division. HSC eventual
engraftment in their niche is instead accompanied by the generation of a large number
of haematopoietic progenitors and differentiated cells. Many cell types, including
short-term repopulating progenitors and mature, specialised T cells and neutrophils,
can home to the BM, but only long-term repopulating human CD34-/CD38- stem
cells initiate long-term repopulation (Lapidot et al. 2005).

19.3 Use of HSC in AHSCT for MS

If MS is the final outcome of an immune system gone wrong, can we help it back
on the right track? AHSCT is currently being explored as a treatment option for
highly aggressive forms of MS. The basic principle of its use is to re-educate the
immune system, first by depleting or reducing the pathogenic immune repertoire
and then to regenerate a healthy immune system with the help of autologous HSC.
‘Reprogramming’, ‘rebooting’ or ‘resetting’ the immune system are all terms that
have been used to describe this process. Does this treatment, as sometimes stated,
provide a possibility to actually cure the disease?

Transplantation of HSC is a well-established treatment procedure for haema-
tological malignancies and is aimed at restoring the depleted haematopoietic cell
populations after high-intensity chemotherapy or radiotherapy. An estimated 55,000–
60,000 haematopoietic stem cell transplantations (HSCT) are performed each year,
most for the treatment of haematological malignancies such as lymphoproliferative
diseases (54.5 %) and leukaemias (33.8 %; Gyurkocza et al. 2010; Li and Sykes
2012). As a treatment for autoimmune diseases, however, HSCT is currently under
evaluation as an alternative for patients with aggressive disease course and who are
refractory to standard therapies. The global survey by the Worldwide Network of
Blood and Marrow Transplantation reports that an estimated 0.4 % of all HSCT,
nearly all autologous, were applied to treat autoimmune diseases in 2006. AHSCT
as a treatment option for autoimmune disease was first promoted in the mid-1990s
(Burt et al. 1995; Marmont 1994). This proposition was based on the observation
that patients with coincidental autoimmune disease often experienced a long-term
remission of autoimmunity after undergoing AHSCT for malignancies and immune-
mediated disorders (Marmont 2004). The use of AHSCT for MS was supported
by work in animal models, which showed that the treatment could block or pre-
vent autoimmune demyelination in the early stages after onset of clinical symptoms
(Karussis et al. 1992a, b; van Gelder et al. 1993; van Gelder and van Bekkum 1996),
but that advanced clinical damage could not be reversed (Burt et al. 1998a; Cassiani-
Ingoni et al. 2007). Since the first pioneering studies took off (Burt et al. 1998b;
Fassas et al. 1997), more than 600 patients with MS have been treated with AHSCT
(Saccardi et al. 2012).
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Fig. 19.2 AHSCT. The rationale for treating MS with AHSCT is to reprogramme the immune sys-
tem. The treatment procedure consists of three basic steps: Mobilization of stem cells, lymphocyte
depletion and stem cell reinfusion. Step 1: The most common source of HSCs (blue cells) are cells
mobilized to the peripheral blood following mobilization with recombinant granulocyte colony-
stimulating factor (G-CSF). The HSC-enriched blood can after immunosuppression be reinfused as
an unmanipulated autograft, or immune cells are reduced by CD34− selection or lymphocyte deple-
tion by antithymocyte globulin. Step 2: The immunosuppressive conditioning regimen consists of
intense chemotherapy, biologics and/or radiation and aims at reducing the pre-existing immune cell
repertoire (red cells). Intensities of immune suppression range from high-intensity, myeloablative
protocols targeting all blood-forming cells, to non-myeloablative, reduced intensity schemes that
more specifically target the immune system. Step 3: After immune depletion, the haematopoietic
graft is reinfused into the patient. Step 4: Immune reconstitution commences after transplantation.
The new immune system is regenerated by peripheral expansion of cells surviving the immune
depletion (red), and is driven by cytokines or by antigens. De novo generated immune cells (green)
diversifies the immune repertoire. Suppression of autoimmunity will depend on the balance between
new cell specificities, pro-versus anti-inflammatory function of the cells in the regenerated immune
system and reinstalled functional immune regulatory cells (purple)

19.4 Procedure of AHSCT

The basic rationale for treating MS with AHSCT is to reset the immune sys-
tem, first by reducing the pathogenic cell repertoire and then by regenerating a
healthy immune system. A schematic outline of the specific procedure is shown
in Fig. 19.2. The autologous graft can be obtained directly from the BM in the
iliac crest, however, the most common source of HSC are cells mobilised to the
PB following treatment with recombinant G-CSF. Blood is generally preferred
as a stem cell source since aphaeresis allows for collection of a larger num-
bers of HSC and may also allow for a faster engraftment. The HSC-enriched
blood can be reinfused after immunosuppression as an unmanipulated autograft,
however, is frequently manipulated in order to reduce the number of autore-
active cells (Farge et al. 2010). This manipulation usually consists of positive
selection of CD34-expressing HSC or of lymphocyte depletion, achieved by in
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vivo or in vitro administration of anti-thymocyte globulin (ATG; Comi et al. 2000;
Snowden et al. 2012).

The immunosuppressive conditioning regimen aimed at eliminating or reducing
the pre-existing immune cell repertoire can consist either of intense chemotherapy,
biologics and/or radiation. Intensities of immune suppression range from high-
intensity, myeloablative protocols aimed at eliminating all blood-forming cells to
non-myeloablative, reduced-intensity schemes that more specifically target the im-
mune system. High-intensity conditionings such as total body irradiation (TBI) and
chemotherapies including busulfan, were originally designed to maximise the killing
of malignant cells and are highly cytotoxic. Transplantation of HSC in these cases
is necessary for the BM to recover from aplasia. Intermediate-intensity regimens
such as BEAM (carmustine, etoposide, cytarabine and melphalan) are combinations
of reduced doses of cytoxins and are the most commonly used conditioning regi-
mens in Europe. Reduced-intensity regimens generally consist of lymphodepleting
antibodies, such as alemtuzumab (anti-CD52 mAb) and ATG.

19.5 Clinical Experience

Early clinical studies of AHSCT presented limitations to major conclusions about
the clinical effects in that they were small, phase I–II uncontrolled trials that included
heterogeneous patient populations and transplantation regimens. However, together
they established some important points: (1) the clinical course of the disease sta-
bilised for the majority of the treated patients through the duration of the follow-up
in all but one study (Samijn et al. 2006) and (2) AHSCT typically suppressed inflam-
matory disease activity, measured by readouts such as acute clinical exacerbations,
persistence of gadolinium-enhancing lesions at MRI of the brain or spinal cord or
both (Mancardi et al. 2001; Mancardi et al. 2012; Saccardi et al. 2005; Saiz et al.
2001).

Table 19.1 summarises all major clinical trials and relevant retrospective studies
since 2005. A retrospective large-scale analysis from the European Group for Blood
and Marrow Transplantation (EBMT) in 2006 reported a progression-free survival
(PFS) in 60–70 % of patients after 3 years and 50–60 % after 6–8 years (Saccardi et al.
2006). Several trials have reported a PFS in the range of 36–100 % after different
lengths of follow-up (1.5–6 years) although a few recent studies with extended follow-
up have reported that PFS decreases over time (Chen et al. 2011; Fassas et al. 2011;
Krasulova et al. 2010). Despite this, it is believed that a high proportion of patients
experience some form of stabilisation of their disease for long periods of time. A
recent Italian multicentre study with a regimen including BEAM and ATG reports
that 66 % of patients had improved or stabilised 5 years after treatment, compared
to 44 % of the patients with a follow-up of 7 years or longer (n = 8). The disease
progression was slower among the patients who relapsed (after a median of 3.5
years follow-up, n = 10; Mancardi et al. 2012). A retrospective study under the
sponsorship of the Center for International Blood and Marrow Research (CIBMTR)
and the EBMT, aimed at collecting long-term follow-up data in patients who received
AHSCT between 1995 and 2006, is under way (PI: P Muraro).
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Treatment with AHSCT has a more favourable outcome in patients with active
inflammatory disease, while patients with chronic disease associated with high and
established disability (EDSS of 6 and over) often continue to progress (Saccardi et al.
2006). Three recently reported AHSCT trials confirm a higher PFS in patients with a
relapsing–remitting as opposed to secondary progressive disease course (Krasulova
et al. 2010; Mancardi et al. 2012; Shevchenko et al. 2012). In accordance with
these observations, two studies report a significantly lower PFS in patients with
inflammatory activity at baseline (Chen et al. 2011; Mancardi et al. 2012). Mancardi
et al. (2012) found that a significantly higher percentage of patients with gadolinium-
enhancing lesions at baseline scans had stabilised or improved at 5 years as opposed
to patients without inflammatory activity. In addition to several other studies, they
also identified young age and short disease duration as factors that may determine a
more favourable outcome of AHSCT (Krasulova et al. 2010; Mancardi et al. 2012;
Saccardi et al. 2006; Shevchenko et al. 2008).

AHSCT seems particularly promising as potential treatment for young patients
with malignant MS, characterised by a relapsing–remitting disease course with poor
prognosis, recurrent inflammatory events and severe disability (Fagius et al. 2009;
Kimiskidis et al. 2008). The relapse rate was dramatically reduced from 61 in 82
patient months pre-AHCST to 1 in 289 patient months after transplantation (Fagius
et al. 2009).

Safety of AHSCT is mainly determined by the conditioning regimen, patient se-
lection and the experience of transplant for MS within the centre (Farge et al. 2010).
A recent review of the EBMT database reported that the treatment-related mortal-
ity rate has decreased to 1.3 % for patients treated during 2001–2007, indicating
that increased experience with MS in transplantation and more appropriate patient
selection has led to improved safety.

To identify the optimal treatment regimens is a remaining challenge that can only
be met after carefully considering the risk-to-efficacy profile of the conditioning
schemes and their application to specific patient groups. For example, high-intensity
conditionings are more efficient in depleting the pre-existing immune repertoire
and associated with a better clinical outcome in animals, but are also highly toxic
to the patient. The study of the European database found that treatment-related
mortality was linked to the use of regimens containing busulfan (Saccardi et al.
2006), although there was no difference in neurological result between high- and
intermediate-intensity schemes without manipulation of the autograft. Conditioning
regimens including TBI resulted in continued brain atrophy at a significantly in-
creased rate and unremitting neurological progression (Burt et al. 2003; Nash et al.
2003; Samijn et al. 2006), suggesting that radiation can be specifically harmful to
the central nervous system (CNS). These observations suggest that prudence needs
to be adopted with the use of radiotherapy in future trials. However, recent trials have
shown that toxicity of the high-intensity regimen Cy and busulfan can be reduced,
suggesting that high-intensity conditionings may be a treatment option for the future
(Atkins and Freedman 2009).

Intermediate-intensity transplantation regimens with BEAM are currently deemed
to involve acceptable toxicities (Saccardi et al. 2012, 2006). In the cases reported to
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the European database until 2005, no TRM was observed after intermediate-intensity
transplantation regimen with BEAM andATG, indicating different toxicities between
high- and intermediate-conditioning schemes (Saccardi et al. 2006). Mancardi et al.
recently reported the results from a large multicentre study usingAHSCT with BEAM
and ATG. The treatment-related mortality was 2.7 % and 66 % of the patients had
stabilised or improved 5 years after transplantation (n = 74; Mancardi et al. 2012).

The use of reduced-intensity conditioning regimens has been proposed in order
to reduce the toxicities and risks of AHSCT (Burt et al. 2003). A recent comparative
Brazilian study of intermediate (BEAM and ATG) and reduced-intensity (CY and
ATG) conditioning regimens suggested a higher toxicity of intermediate as compared
to reduced-intensity treatments, with the intermediate scheme resulting in higher
mortality and longer hospital stays. The results from one prospective trial with non-
myeloablative AHSCT scheme show minimal toxicity, with stabilisation of disease in
100 % of the patients and 81 % patients experiencing improvement of neurological
disability after a median of 3 years of follow-up (Burt et al. 2009). Inclusion of
alemtuzumab as in vivo lymphodepleting agent in the original conditioning regimen
in this trial was associated with some cases of secondary autoimmunity and was
replaced with ATG in order to reduce the risk of immune thrombocytopenia (Loh
et al. 2007).

Animal studies seem to suggest that an unmanipulated graft can increase the
risk of disease recurrence (Euler et al. 1996; van Gelder and van Bekkum 1996),
however, no association with graft manipulation and outcome has been demonstrated
in MS patients (Saccardi et al. 2006). T cell depletion can, however, slow down
the quantitative reconstitution of cells, especially the CD4 T cells (Bomberger et al.
1998; Rutella et al. 2000), which could significantly increase the risk of opportunistic
infections during the lymphopenia succeeding the immunosuppressive conditioning.

19.6 Allogeneic HSCT (allo-HSCT) for MS

Allo-HSCT as treatment option for severe MS is theoretically attractive because the
procedure may correct the genetic predisposition to autoimmunity by substituting the
patient’s pathogenic immune system with that of a healthy donor and it may establish
control of the disease by a putative mechanism known as graft-versus-autoimmunity
effect (Van Wijmeersch et al. 2007). Patients with aggressive MS who failed AHSCT
and have a fully matched available donor have been suggested as suitable candidates
for small tentative clinical trials of allo-HSCT (Griffith et al. 2005). It is, however,
generally agreed that the outlook of greater efficacy of allogeneic over autologous
transplantation for MS does not compensate for the increased morbidity and mortality
risks. A recent report showed that allo-HSCT did not only fail to completely suppress
inflammation in MS patients, but also that patients without MS who received allo-
HSCT for other indications had inflammation in the CNS following treatment (Lu
et al. 2010).
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19.7 Ongoing and Future Clinical Trials

In 2004, the EBMT launched a prospective, randomised phase II trial, the Autol-
ogous Stem cell Transplantation International Multiple Sclerosis Trial (ASTIMS;
www.astims.org) in which the transplantation arm consisted of BEAM-ATG and
no graft manipulation and the control arm of mitoxantrone. The trial was closed to
recruitment in November 2009 and the follow-up analysis is currently ongoing.

The multicentre US phase II trial, High-Dose Immunosuppression and Autolo-
gous Transplantation for Multiple Sclerosis (HALT MS; ClinicalTrials.gov Identifier:
NCT00288626) was closed to accrual in August 2009. The first preliminary results
have reported a 77 % event-free survival at 2 years post-AHSCT in 25 patients with
highly active, treatment-refractory RRMS (Nash et al. 2013). Preliminary results
from the Canadian MS/BMT trial (NCT01099930) report that AHSCT with BEAM
and ATG completely suppressed relapse and inflammation by MRI in 23 evaluated
patients over a median follow-up of 5 years (Freedman et al. 2007; Atkins and
Freedman 2009).

The ongoing Multiple Sclerosis International Stem cell Transplant (MIST) ran-
domises patients with two or more steroid-treated relapses within 12 months despite
first-line therapy with interferon or copaxone to either AHSCT with cyclophos-
phamide and ATG or best available approved second-line therapy (ClinicalTrials.gov
Identifier: NCT00273364). Patient recruitment is ongoing in Chicago, Sweden and
Brazil.

A large international phase III randomised trial where patients are treated either
with AHSCT or an appropriate non-AHSCT comparator, with a clinical endpoint, is
currently needed and discussions are ongoing amongst several European and North
American centres. Type of study, patient selection, treatment regimen and outcome
measures are currently under discussion (Burt et al. 2012; Saccardi et al. 2012).

19.8 Mechanisms of AHSCT in MS

MS is believed to occur as a result of multiple environmental immune challenges
throughout the life of an individual with a susceptible genetic background. Although
AHSCT cannot correct the underlying genetic component, the treatment can partly
erase the immunological history of an individual and provide the immune system a
second opportunity. This ‘rebooting’, ‘resetting’or ‘reprogramming’may not yield a
cure for the disease, but has the potential to delay the re-emergence of autoimmunity
for several years at minimum.

Current knowledge indicates that the mechanisms that contribute to reinstalling
self-tolerance after AHSCT likely include: (1) the reduction of the pathogenic lym-
phocyte population, (2) de novo regeneration of naive immune cells and (3) a new
balance of pro- and anti-inflammatory cell populations after treatment (Fig. 19.2).
The degree of contribution of each mechanism is determined both by the im-
mune conditioning scheme and the patient characteristics, such as their age and
disease stage.



418 S. Abrahamsson et al.

The extreme lymphopenia following intense immune ablation induces homeo-
static signals that support the recovery of the lymphocyte pool by both central and
peripheral expansion. Central expansion of naive cells arising from the primary
lymphoid organs is an important component of immune tolerance, resulting in a di-
versification of lymphocyte specificities. Peripheral expansion of cells that survived
the immune conditioning may favour the rapid expansion of any residual cells that
have survived the immune conditioning or in the graft (Kieper et al. 2005), both
by homeostatic proliferation induced by cytokines in profound lymphopenia or by
antigen-driven proliferation.

19.9 Immune Renewal Beyond Immune Suppression

Studies on immune reconstitution after AHSCT are scarce and have generally been
performed on patients receiving a myeloablative conditioning regimen. The early
studies demonstrated that the first 1–2 years following immunosuppression and
AHSCT are characterised by a profound reduction of the peripheral lymphocyte
populations. The various lymphocyte populations are replenished at different pace:
The recovery of the lymphocyte population is generally accompanied by an increase
in CD4 T cell numbers, whereas B cells, natural killer cells and CD8 T cells nor-
mally reconstitute completely to pre-transplantation levels within 3 months (Burt
et al. 2003; Carreras et al. 2003; Koehne et al. 1997; Nash et al. 2003; Saccardi et al.
2005). The notion that the clinical effects of AHSCT persist even after numerical re-
covery of the lymphocyte populations supports that, not merely quantitative but also
qualitative changes take place in the reconstituted immune system and can suppress
inflammation.

Somewhat contradictory to the idea that AHSCT induced immune renewal, pe-
ripherally expanded memory cells predominate during the early T cell reconstitution.
Extensive immune renewal with expansion of naive T cells and thymic reactivation
was shown to take place in patients only 1–2 years after TBI and AHSCT for MS
(Muraro et al. 2005) and cancer (Hakim et al. 2005). A detailed T cell receptor analy-
sis showed the regeneration of a different and more diverse repertoire post-transplant
in patients with MS (Muraro et al. 2005). Thymic rebound, expansion of naive T
cells and diversifications of the repertoire were recently confirmed after AHSCT also
in patients with systemic lupus erythematosus (SLE; Alexander et al. 2009).

The efficiency of immune ablation and the various cell populations and immune
compartments that are targeted by the conditioning regimen are determined both by
the intensity of the scheme and the specific chemical or biological compound used
for immunosuppression. However, while a total depletion of the pre-transplant clonal
repertoire is not feasible even with an intense radiotherapy conditioning (Dubinsky
et al. 2010), a complete renewal is probably not required for remission of inflamma-
tory activity (Muraro et al. 2005). In fact, reduced-intensity conditionings, which by
definition are non-myeloablative and less lymphodepleting, also induce suppression
of inflammation for several years. T cell diversity also appears to be near-to-normal
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despite incomplete depletion even before thymic reactivation (Storek et al. 2008).
The re-emergence of autoreactive T cells in the absence of clinical relapse after AH-
SCT (Sun et al. 2004) suggests that newly installed qualitative differences such as
pro- versus anti-inflammatory cell balance, avidity for the antigen (Bielekova et al.
2004) or reinstalled immunoregulatory functions (de Kleer et al. 2006; Zhang et al.
2009) could contribute to control autoimmunity after treatment.

The effect of AHSCT on the B cell compartment has been less investigated in
MS, however, some data are available from the use of AHSCT in other autoimmune
diseases. A study in patients with SLE found that B cell homeostasis was reinstalled
after AHSCT, resulting in the expansion of the naive cells and the elimination of
plasma cells resident in the BM (Alexander et al. 2009). Studies on antibody re-
sponses to foreign antigens such as after vaccination or revaccination preceding
or following AHSCT, have shown that immunoablative conditioning and AHSCT
purged immunological memory for a neoantigen given after the graft harvest, and
reduced the immunological memory for a recall antigen boosted before harvest, fol-
lowing nonrigorous T cell depletion of the autograft (Brinkman et al. 2007). The
attenuation of antibody immunological memory therefore suggests that the B cell
compartment may also undergo a renewal. Again, the immunosuppressive condi-
tioning could play a role in how efficiently B cell depletion is accomplished. Plasma
cells are inefficiently deleted by TBI and B cell-depleting anti-CD20 Ab (Anolik
et al. 2004; Radbruch et al. 2006); however, ATG, included in the protocol in both
the German and the Dutch studies, contains polyclonal antibodies and can deplete
both activated B cells and plasma cells in vitro (Zand et al. 2005).

A number of studies have concentrated on the effect of AHSCT on the renewal
of the peripheral immune system; however, the goal is ultimately to deplete the self-
reactive cells not only from the periphery but also, and most importantly, from the
target organ. Studies performed on the CNS indicate the persistence of lymphocytes
post-AHSCT. Intrathecal lymphocyte activation measured by soluble CD27 and the
persistence of oligoclonal IgG in the cerebrospinal fluid (CSF; Mondria et al. 2008)
indicate an inefficient depletion of plasma cells from the CNS after AHSCT. Post-
mortem studies on brains after autologous (Metz et al. 2007) and allogeneic (Lu
et al. 2010) stem cell infusion have shown the presence of T cells in tissue for up to
8 months after treatment. A case study on allo-HSCT confirmed infiltrated T cells
of recipient origin (Lu et al. 2009) arguing for, in this specific case, an incomplete
depletion of intrathecal cells as opposed to infiltration of T cells through a damaged
blood–brain barrier. These postmortem studies have severe limitations given the se-
lection of cases with worst possible outcome and studies addressing the trafficking
of immune cells to the CNS in vivo after HSCT are needed.

19.10 Immune Regulation After AHSCT

Immunoregulatory CD25-high Foxp3+CD4T cells play an essential role in regulating
autoimmune responses and are described as functionally compromised in MS patients
(Venken et al. 2008; Viglietta et al. 2004). The idea that AHSCT may reinstall
regulatory circuits was first suggested from animal experiments. Syngeneic BM
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transplantation in experimental autoimmune encephalomyelitis (EAE) rats resulted
in attenuation of active disease and protection from induced relapses, which was
associated with an increase of CD4+CD25+ T cells (Herrmann et al. 2005). In MS,
data on regulatory mechanisms after AHSCT are scarce, but a few clinical studies
in other autoimmune disease may be revealing. In juvenile idiopathic arthritis, a
higher frequency of CD4+CD25high T cells afterAHSCT with high-intensity immune
suppression correlated with clinical remission of disease (de Kleer et al. 2006). Also,
in SLE,AHSCT caused an increase of Foxp3-expressing CD4 cells after conditioning
with CY/melphalan/ATG (Alexander et al. 2009) and after reduced-intensityAHSCT
(Zhang et al. 2009). The latter study also identifies a regulatory CD8 cell population
that is inducible to express Foxp3 and produces the immunoregulatory cytokine
TGF-β (Zhang et al. 2009). Regulatory CD25+Foxp3+CD4+ T cells were reported
to be more resistant to irradiation than effector cells and mediated the amelioration of
experimental graft-versus-host disease (Anderson et al. 2004). CD4 Tregs have also
been described to present a faster reconstitution than effector T cells (de Kleer et al.
2006; Zhang et al. 2005) and their presence at the time of new antigenic priming
could help to establish control of autoimmunity (O’Gorman et al. 2009). Regulatory
CD4 cells can prevent antigen-induced, as opposed to homeostatic, proliferation in
lymphopenic mice and their presence during the reconstitution of the immune system
preserves the TCR diversity of the conventional T cell repertoire (Winstead et al.
2008, 2010). Taken together, the evidence suggests that AHSCT exerts significant
effects on immunoregulatory cell pool, which may be relevant to its treatment effect
in autoimmune disease.

19.11 HSC-mobilising Effects of Natalizumab Treatment in MS

Natalizumab is a recombinant humanised IgG4 monoclonal antibody that binds
to the α4 integrin subunit and has been approved in recent years for treatment of
active relapsing–remitting MS based on results of trials that have shown reduced
brain-inflammatory activity as determined by MRI and reduction in the frequency of
relapses (Muraro and Bielekova 2007; Polman et al. 2006); postmarketing studies
have also confirmed its efficacy (Sangalli et al. 2011).

The α4 integrin family includes the VLA-4 or α4β1 integrin that plays a key
role in T cell transmigration across the vascular endothelia. The α4β1-integrin is
indeed expressed at moderate-to-high levels on almost all lymphocytes, monocytes
and eosinophils and enables their capture from the circulation by interaction with
the vascular cell adhesion molecule-1 (VCAM-1); captured leucocytes consequently
adhere firmly to the endothelium and then transmigrate across the endothelial cell
layer towards the site of inflammation (Davenport and Munday 2007). The VCAM-1
has been shown to be upregulated by inflammatory cytokines on the endothelium
of MS patients (Rose et al. 2007) suggesting that α4β1 signalling pathway may be
involved in the pathogenesis of the disease. It has also been shown that transcriptional
downmodulation of adhesion molecules during interferon-β therapy contributes to
the treatment mode of action in MS (Muraro et al. 2000, 2004).
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The α4 integrin-blocking treatment with natalizumab results in specific rearrange-
ments of the immune cells number in the peripheral circulation as well as in the CNS
in both treated MS patients and EAE; indeed, a significant elevation of leucocyte
and lymphocyte numbers was reported in the PB of treated MS patients, this ef-
fect confirming evidence from the preclinical studies on animals and constituting
the most robust biomarker of successful α4 integrin antagonism. Also, the PB ra-
tio CD4+/CD8+ was found to decrease significantly with increasing numbers of
natalizumab doses, but remaining within normal limits (Stuve 2008). A significant
decrease in detectability of the α4 integrin subunit was shown on all lymphocyte sub-
sets during natalizumab treatment in parallel to the increase of lymphocyte-bound
drug, indicating a therapy-induced reduction of a4 (Harrer et al. 2012). Interestingly,
a significant decrease of β-1 surface levels was also observed in natalizumab-treated
MS patients on T cells, B cells, natural killer cells and natural killer T cells, but not
on monocytes (Harrer et al. 2011). Moreover, in the CNS compartment, a decrease in
the numbers of CD4+and CD8+ T lymphocytes, CD19+ B cells and CD138+ plasma
cells was demonstrated in the CSF of patients with MS on natalizumab therapy; such
an increase was also shown to be sustained in time with the cell numbers remaining
unchanged in the CSF even 6 months after cessation of the treatment (Stuve et al.
2009).

Antagonising α4 integrin also has an impact on the BM compartment, thus VLA-
4, as described earlier in the chapter, is expressed by HSC and via interaction with
VCAM-1-expressing stromal cells both contributing to HSC retention within the
endosteal stem-cell niche and allowing HSC self-renewal in the absence of differen-
tiation (Wilson andTrumpp 2006). Several studies on animals have shown thatVLA-4
integrin plays a fundamental role in the HSC migration process to and from the BM:
a dramatic inhibition of homing (> 90 %) was demonstrated when β2- or selectin-
null donor stem cells were additionally treated with anti-α4 integrin antibodies before
their transplantation to normal or selectin-deficient recipients; only 35–40 % of hom-
ing inhibition was instead seen when transferring the β2- or selectin-null donor stem
cells by themselves (Papayannopoulou et al. 2001). The β1-integrin-deficient HSC
were also shown to fail to migrate to the BM after transfer (Wilson et al. 2008, 2009).
Both the studies are suggesting that the α4β1/VCAM-1 pathway is possibly capable
alone of providing effective capture of cells within the BM. Moreover, studies in
primates have provided fundamental insights onto the VLA4-integrin involvement
in HSC trafficking in vivo, showing that HSC peripheralisation can occur in these
animals after a single injection of anti-α4; the treatment was also able to further aug-
ment HSC numbers in primates who had undergone a preceding course of G-CSF
(Papayannopoulou and Nakamoto 1993).

In accordance with the animal studies, natalizumab treatment has been shown
in recent years to result in significant and protracted increase of circulating HSC
in treated MS patients (Bonig et al. 2008; Zohren et al. 2008). It was also ob-
served that natalizumab- treated patients had 5.5-fold elevated levels of circulating
CD34+ cells median concentration compared to healthy subjects and sevenfold el-
evated values compared to untreated MS patients; also, a threefold increase was
achieved within 72 h following the first infusion (Zohren et al. 2008). Furthermore,
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natalizumab-mobilised HSC have been shown to have a different phenotype to that of
G-CSF-mobilised HSC, thus expressing lower levels of VLA-4 integrin and higher
concentration of CXCR-4, which associates with more than double migration ca-
pacity towards a chemokine stimulus; natalizumab-mobilised HSC have also been
found to express lower levels of the stem cell marker CD133 compared to healthy
subjects and untreated MS patients circulating HSC (Jing et al. 2010).

In contrast to the strong evidence provided by the numerous studies mentioned
before, a single report has recently described that natalizumab treatment causes re-
duced adhesion and migration capacity of PB-isolated HSC compared to BM HSC
in MS patients, which have been interpreted by the same authors as indicating a
natalizumab-mediated impaired homing of HSC to the BM (Saure et al. 2011).
However, the extensively demonstrated increased migration profile of natalizumab-
induced HSC compared to G-CSF-mobilised HSC strongly supports the HSC
mobilisation capacity of natalizumab.

A study from our group has confirmed the natalizumab-induced HSC mobilisa-
tion effect previously described (Mattoscio et al. 2012). We have also detected clear
interindividual differences in circulating HSC count among natalizumab-treated MS
patients with only approximately half of the subjects having a significant increase
of HSC in the blood after natalizumab treatment. This observation enabled the def-
inition of a ‘Non-Mobiliser’ group of subjects as those who failed to show such an
increase. We have also determined that during natalizumab treatment, the proportion
of quiescent HSC increases, suggesting an augmented rate of egress from the BM, as
previously shown (Jing et al. 2010). The CD4 and CD8 T cells proportion were shown
to increase transiently while the proportion of CD19 B cells increased preferentially,
according to a previous report of particular interest that has shown how natalizumab
is able to increase more significantly the number of circulating pre-B cells and B
mature cells compared to other progenitors and mature lymphocytes and monocytes
in MS patients (Krumbholz et al. 2008); in our study, the B cell proportion increased
even more significantly in the Mobiliser group of patients. Moreover, the proportion
of CD103+CD8 T cells, described as regulatory (Ho et al. 2008; Uss et al. 2006),
was found to increase gradually in the first 12 months on treatment, again more sig-
nificantly in the Mobiliser cohort. Therefore, both the natalizumab-induced effects
on circulating B cells and CD8 Tregs correlated with the HSC mobilisation status
in our studied population and could be consistent with further anti-inflammatory
mechanisms of the drug. Moreover, an upgrowing trend in the number of T2 and T1
gadolinium-enhanced lesions was observed in the non-Mobiliser group of subjects
and not in the Mobiliser one when analysing the MRI performed at 6 months on
treatment and those patients who relapsed during the first year on natalizumab were
found to be only among the non-Mobiliser cohort, suggesting that HSC mobilisation
failure correlates with lack of treatment response (Mattoscio et al. 2013).

The evidence from the literature strongly suggests that natalizumab induced
an augmented rate of egress of HSC from the BM and that, contrary to some
claims, natalizumab-mobilised CD34+ HSC are not a relevant reservoir for JC virus
(Warnke et al. 2011). Contributions from our group have suggested a variable HSC
mobilisation response to natalizumab among treated MS patients and demonstrated
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a clinical and radiological disease activity in the Nonmobiliser group of subjects
despite treatment, supporting the use of circulating HSC count as biomarker for
response to natalizumab.

Furthermore, the rearrangements in the proportion of B mature and progenitor
cells as well as regulatory T cells that have been clearly described in the literature to
follow natalizumab treatment in MS patients, together with the drug-induced increase
of HSC, suggest further anti-inflammatory and immune reconstitution-like effect of
the drug, similar to the one described post-transplant in patients affected by SLE
(Zhang et al. 2009).

19.12 Future Perspectives and Conclusions

Studies of AHSCT and anti-integrin treatment of MS indicate a central role of the
haematopoietic system and of BM as well as circulating HSC in the generation and
maintenance of the immune system. Transient numeric depletion of immune cells
fails to explain the prolonged remissions observed after AHSCT in MS. Clinical
effects on brain inflammation are better explained by qualitative changes in the re-
constituted immune repertoire. AHSCT indeed induces substantial post-transplant
modifications in the adaptive immune system. Nevertheless, further studies are re-
quired to establish whether and to what extent the suppression of inflammation
observed post-therapy depends on the eradication of disease-associated T and/or
B cell populations or on their functional regulation.

Several studies have shown natalizumab-induced increase of circulating HSC
(Bonig 2008, p. 6; Zohren 2008, p. 1410) and suggested that this is due to a true
mobilisation effect of the drug rather than to natalizumab-induced impedance of
HSC homing (Jing 2010, p. 145). Evidence from our group has confirmed HSC mo-
bilisation following natalizumab and also suggested widely different mobilisation
responses in individual MS patients correlating with radiological and clinical anti-
inflammatory response to the treatment, supporting the possible use of circulating
HSC count as biomarker of response to natalizumab. Furthermore, the reported pref-
erential effect of natalizumab in redistributing the B cell precursor pool among the
total HSC population (Krumbholz et al. 2008) strongly supports further investiga-
tions on the already widely accepted fundamental role of B cells in MS pathogenesis
(Disanto et al. 2012a, b). Furthermore, the tissue-regenerating potential of mobilised
HSC, suggested by several studies reporting evidence of their potential for differenti-
ation and integration into tissues including the CNS (Eglitis and Mezey 1997; Gordon
et al. 2006; Mallet et al. 2002; Mezey and Chandross 2000; Mezey et al. 2000, 2003;
Sigurjonsson et al. 2005), might contribute to the drug efficacy, perhaps actively con-
tributing to neural tissue repair or indirectly promoting spontaneous tissue through
paracrine secretion of neurotrophic factor, recruitment of neural precursors, or both.

Taken together, current knowledge on HSC biology highlights the interdepen-
dence of the haematopoietic and immune system for maintenance of immune
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competence and tolerance and provides great opportunities for therapeutic targeting
in autoimmune disease including MS.
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Chapter 20
Mesenchymal Stem Cells for the Treatment
of Multiple Sclerosis

Laura Lovato, Nicole Kerlero de Rosbo and Antonio Uccelli

Although currently approved therapies, mostly directed towards downregulating in-
flammation, can help patients with multiple sclerosis (MS), in particular those with
the relapsing–remitting form of MS, they are unsatisfactory for a significant number
of patients. Indeed, patients with aggressive disease do not always respond to these
therapies; patients can be faced with tolerability issues, and/or be at risk of serious
adverse events. Most importantly, at present there is no therapy that can trigger re-
pair of the irreversible neuronal damage, a hallmark of the disease, which leads to
a progressive accumulation of disability in most affected subjects and is observed
clinically in the secondary progressive phase of the disease. Similarly, no treatment
has yet been approved for the primary progressive variant of the disease. The unmet
need for a therapy that could reverse permanent disability and lead to recovery of
neurological functions has boosted the search by the scientific community for an
innovative treatment of MS that is safe and well tolerated, potentially able to control
the inflammatory activity leading to neurodegeneration and, more importantly, to
promote repair of the damaged central nervous system (CNS).

So far, the development of such treatments has been hampered by the impractical-
ity of in vivo regeneration of neural cells and the inability to reestablish the complex
neural network supporting neurological functions. Although these challenges might
be met with therapies that promote remyelination, no agents are available with proven
remyelinating action. In addition, remyelination by itself would be insufficient un-
less it could be accompanied by restored order in the damaged neural networks
through either cell replacement or fostering of endogenous neurogenesis (Franklin
and Ffrench-Constant 2008).
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At present, stem cells represent the most promising approach to try and achieve
such tissue repair because of their therapeutic plasticity. Accordingly, they have
recently entered the scenario of MS therapies based on a robust amount of preclinical
data suggesting that they could be of clinical value through immunomodulation,
trophic actions, and neuroprotection.

Though different types of stem cells have been considered (see further), this
chapter will focus on the rationale for, and state of the art of, the clinical use of bone
marrow-derived mesenchymal stem cells (MSC) in MS treatment.

20.1 Types of Stem Cells Considered for Therapy in MS

20.1.1 Embryonic Stem Cells

Studies of embryonic stem cells, which, in contrast to stem cells isolated from adult
or even fetal tissues, retain the ability to differentiate into cell types of all lineages
(multipotentiality), have been carried out in animal models of neurological diseases
including MS (Aharonowiz et al. 2008; Ben-Hur et al. 2004; Joannides and Chandran
2008). However, such studies and their translation into clinical practice are greatly
impeded by ethical issues and national legislation limits (Abbott 2011).

20.1.2 Neural Precursor Cells (NPC)

Although not endowed with the multipotentiality of embryonic stem cells, NPC still
have outstanding therapeutic plasticity because of their ability to survive as undiffer-
entiated cells in ectopic perivascular niches in the inflamed CNS. These cells release
factors that foster survival and proliferation of nearby neural (progenitor) cells, and
they interact with CNS-infiltrating immune cells and the local microenvironment.
Intravenous or intrathecal infusion of NPC showed therapeutic effect in several an-
imal models of neurological disorders (Abematsu et al. 2010; Bacigaluppi et al.
2009; Pluchino et al. 2003), including experimental autoimmune encephalomyelitis
(EAE), the model for MS. However, as NPC are isolated from fetal brain tissue,
clinical translation of these promising results faces great difficulties related to ob-
taining fetal neural tissues as well as technical problems in expanding to large-scale
yields under good manufacturing practice conditions and injecting cells into non-
MHC-compatible hosts, which might require preconditioning and maintenance with
immunosuppressive agents (Pluchino et al. 2009).

20.1.3 Induced Pluripotent Stem Cells (iPSC)

The demonstration that pluripotent stem cells could be derived from human somatic
cells has raised the hope that these induced pluripotent stem cells (iPSC) could
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achieve extensive tissue repair, while circumventing the problems related to the
use of stem cells derived from embryonic and fetal tissue (Cundiff and Anderson
2011). The iPSC can differentiate into glial and neuronal cells (Czepiel et al. 2011;
Lebonvallet et al. 2012), and disease-relevant cell types and disease-specific iPSC
have been generated from patients with neurological diseases (Saporta et al. 2011),
including MS (Song et al. 2012). However, this technology is still in its infancy, and
safety, either in the short or long term, has yet to be established. Consequently, the
use of several other types of adult stem cells has been explored.

20.1.4 Hematopoietic Stem Cells (HSC)

Adult stem cells of hemopoietic origin, mostly isolated from cord blood or adult
bone marrow, have been used in MS (Mancardi and Saccardi 2008), mainly with
the aim of reconstituting and possibly resetting a functional immune system after
intense immunosuppression (Muraro et al. 2005). The state of the art and possible
therapeutic translation of these cells in MS is discussed in another chapter.

20.1.5 Mesenchymal Stem Cells (MSC)

Together with NPC, MSC have been tested most consistently in animal models of
neurological disease, including MS (Uccelli et al. 2011). MSC are a heterogeneous
subset of stromal progenitors of mesodermal cells that have been isolated from al-
most every connective tissue, but characterized mainly upon isolation from bone
marrow and adipose tissue. MSC can provide therapeutic effects similar to NPC,
irrespective of the tissue from which they are isolated. MSC appear to have prop-
erties that allow them to escape immune rejection and have been successfully used
in xenogeneic settings (human MSC in mice; Gordon et al. 2008) and, more impor-
tantly, allogeneically in human disorders (Le Blanc et al. 2008). It should be noted,
however, that some studies have shown the possibility that MSC might be rejected by
the host immune system (Eliopoulos et al. 2005); nevertheless, the added possibility
that in an allogeneic environment MSC exert their effect acutely before rejection is
of utmost relevance in a therapeutic approach with adult stem cells.

20.2 General Features of Bone Marrow-Derived MSC

MSC can be isolated from several tissues, but those derived from the bone mar-
row are the most characterized for their physiological and potentially therapeutic
features. MSC, first isolated in the stromal compartment of bone marrow and de-
scribed as colony-forming-unit fibroblasts by Friedenstein and colleagues in the
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1960s (Friedenstein et al. 1974, 1968), constitute an essential component of the
hematopoietic stem cell niche (Mendez-Ferrer et al. 2010).

20.2.1 Plasticity

MSC have self-renewal capability (Caplan 1991; Mendez-Ferrer et al. 2010) and
proliferate in vitro as plastic-adherent cells of fibroblast-like morphology that form
colonies and support hematopoiesis (Muguruma et al. 2006; Uccelli et al. 2008).
Being the common predecessors of mesenchymal tissues, MSC can differentiate into
adipocytes, chondrocytes, and osteocytes, even after transfer in vivo (Friedenstein
et al. 1974, 1968). They also have endodermic and neuroectodermic differentiation
potential, but such transdifferentiation into cells from unrelated germline lineages is
controversial in vivo (Kopen et al. 1999; Pittenger et al. 1999).

20.2.2 Phenotype

Although they have no known specific markers, MSC that are cultured in vitro are
phenotypically identified by the expression of variable levels of stromal markers,
including CD105, CD73, CD44, CD90, CD71, the ganglioside GD2, and CD271,
together with the lack of hematopoietic markers such as CD45, CD34, and CD14,
or the costimulatory molecules CD80, CD86, and CD40 (Chamberlain et al. 2007;
Horwitz et al. 2005).

20.2.3 Role in Homeostasis of HSC in Bone Marrow

In culture, MSC produce a number of cytokines and extracellular matrix proteins
and express cell adhesion molecules, all of which are involved in the regulation of
hematopoiesis (Conget and Minguell 1999; Majumdar et al. 1998; Mendez-Ferrer
et al. 2010; Muguruma et al. 2006). In vivo, MSC are spatially associated with HSC
and adrenergic nerve fibers. In these structurally unique niches made of MSC–HSC
pairings, MSC play a crucial role in the regulation of the hematopoietic lineage,
while local input from the surrounding microenvironment and long-distance cues
from hormones and the autonomic nervous system can modulate MSC proliferation
and differentiation, as well as HSC maintenance (Mendez-Ferrer et al. 2010). MSC
highly express HSC maintenance genes and other genes triggering osteoblastic dif-
ferentiation, which are selectively downregulated during enforced HSC mobilization
or sympathetic nervous system activation (Mendez-Ferrer et al. 2010). Moreover, de-
pletion of MSC from the bone marrow rapidly reduces the HSC content in the bone
marrow. Thus, MSC provide a sheltering environment that supports the maintenance
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and self-renewal of HSC by shielding them from differentiation and apoptotic stim-
uli that would otherwise challenge stem cell reserves. Indeed, bone marrow stromal
cells are responsible for the maintenance of HSC in the G0 phase of the cell cycle
in the endosteal niche, and for the control of HSC proliferation, differentiation, and
recruitment in the vascular niche (Kiel and Morrison 2008).

20.3 Mechanisms of Action of MSC

In addition to their physiological role in the bone marrow, MSC can exert a vari-
ety of actions that represent the rational basis for their clinical use in MS. MSC
can interact with cells of both the innate and adaptive immune systems, leading to
the modulation of several effector functions (immunomodulatory effect); MSC can
release antiapoptotic and neurotrophic molecules that provide a neuroprotective ef-
fect in the presence of neuronal damage (neuroprotective effect); and, despite little
or no engraftment in the CNS, MSC can apparently mediate CNS tissue repair to
some extent (regenerative effect). All these actions contribute to define the so-called
“therapeutic plasticity” of MSC.

20.3.1 Immunomodulation

The immunomodulatory effect of MSC has been described in the last decade, follow-
ing the observation that bone marrow-derived MSC suppressed T cell proliferation
(Bartholomew et al. 2002; Di Nicola et al. 2002). These studies paved the way for the
characterization of the broad immunoregulatory activities of MSC, demonstrating
that they are able to modulate several effector functions of T and B cells, dendritic
cells (DC), and cells of the innate immune system, which have a role in pathogen-
esis of autoimmune diseases (Uccelli et al. 2008). In vitro studies have shown that
soluble factors are involved in MSC-mediated immunomodulation, either produced
constitutively by MSC or released upon cross-talk with target cells.

T cells Autologous and allogeneic MSC can inhibit the mitogenic, allogeneic, or
antigen-specific proliferation of both CD4+ and CD8+ T cells (Aggarwal and Pit-
tenger 2005; Benvenuto et al. 2007; Chabannes et al. 2007; Di Nicola et al. 2002;
Glennie et al. 2005; Krampera et al. 2003; Meisel et al. 2004; Sato et al. 2007; Tse
et al. 2003; Zappia et al. 2005) by supporting their survival in a quiescent state,
an effect dependent on the arrest of T cells in the G0/G1 phase of the cell cycle
(Benvenuto et al. 2007; Glennie et al. 2005) and which can be partially reversed
by IL-2 stimulation (Zappia et al. 2005). Inhibition of T cell proliferation by MSC
apparently leads to a shift in T cells from a proinflammatory to an anti-inflammatory
state with decreased IFNγ production and increased IL-4 production (Aggarwal and
Pittenger 2005; Zappia et al. 2005). Transwell experiments, in which cell–cell con-
tact between MSC and effector cells is prevented, result in a significant inhibition of
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T cell proliferation, suggesting the involvement of soluble factors; in this context,
transforming growth factor β1 and hepatocyte growth factor (HGF) have been identi-
fied as mediators of T cell suppression by MSC (Di Nicola et al. 2002). Among other
such molecules, the nonclassic human leukocyte antigen class I molecule HLA-G
(Selmani et al. 2008) was also shown to be involved in MSC-mediated suppression
of effector T cells. The study showed that MSC secrete the soluble isoform HLA-
G5 through an IL-10-dependent mechanism and that cell–cell contact was required
for full HLA-G5 secretion and, thereby, full modulation by MSC (Selmani et al.
2008). The production of indoleamine 2,3-dioxygenase (IDO), which is required to
inhibit the proliferation of IFNγ-producing Th1 cells, is only released by MSC after
triggering by IFNγ produced by the T cells (Krampera et al. 2006).

Regulatory T cells MSC exert both indirect and direct effect on regulatory T cells, a
specialized subpopulation of T cells that help to maintain homeostasis and tolerance
to self-antigens. MSC induce the production of IL-10 by plasmacytoid DC, which,
themselves, trigger the generation of regulatory T cells (Aggarwal and Pittenger
2005; Maccario et al. 2005). MSC can also directly induce the proliferation of
regulatory T cells, while suppressing effector T cells, through release of HLA-G5,
upon coculture with antigen-specific T cells (Selmani et al. 2008).

Although these findings indicate that MSC can modulate the intensity of an im-
mune response by inhibiting antigen-specific T cell proliferation and cytotoxicity
and promoting the generation of regulatory T cells, such activity, which is obviously
of great value in treatment of autoimmune inflammatory diseases such as MS, could
become deleterious. Indeed, from a clinical perspective, excessive inhibition of T cell
responses by MSC would render the host vulnerable to infectious agents. However,
fail-safe mechanisms might exist, in particular through the expression by MSC of
functional Toll-like receptors (TLR) that, upon interaction with pathogen-associated
ligands, induce the proliferation, differentiation, and migration of MSC and their
secretion of chemokines and cytokines (Pevsner-Fischer et al. 2007; Tomchuck et al.
2008); in addition, after triggering of TLR3 and TLR4, MSC lose their T cell modu-
latory activity through impairment of signaling to Notch receptors in T cells (Liotta
et al. 2008). Thus, pathogen-associated molecules might reverse the suppressive ef-
fects of MSC on T cells, thereby restoring efficient T cell responses in the course
of infections; it is also possible that tissue stromal cells can instruct local immune
responses after pathogen infections (Svensson and Kaye 2006).

B cells The general consensus is that MSC inhibit B cell proliferation in vitro
(Augello et al. 2005; Corcione et al. 2006; Glennie et al. 2005). These effects seem
to depend on the release of soluble factors (Augello et al. 2005; Corcione et al. 2006)
and on cell–cell contact, possibly mediated by interactions between programmed cell
death 1 (PD1) and its ligands (Augello et al. 2005). MSC can also inhibit B cell dif-
ferentiation and the constitutive expression of chemokine receptors (Corcione et al.
2006). However, possibly as a result of differences in the experimental conditions
used, other in vitro studies have shown that MSC could support the survival, prolifer-
ation, and differentiation to antibody-secreting cells of B cells isolated from normal
individuals or from pediatric patients with systemic lupus erythematosus (Rasmus-
son et al. 2007; Traggiai et al. 2008). Regardless of the controversial in vitro effects, it
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should be emphasized that, as B cell responses are mainly T cell-dependent, the final
outcome of the interaction between MSC and B cells in vivo might be significantly
influenced by MSC-mediated inhibition of T cell functions.

Dendritic cells MSC have been shown in vitro to have different actions on DC that
could lead to downregulation of the inflammatory process by precluding efficient
antigen presentation and thereby expansion of effector T cells. Thus, MSC could
inhibit DC maturation via soluble factors (Djouad et al. 2007; Jiang et al. 2005; Nauta
et al. 2006), affect the antigen-presenting function of mature DC by decreasing their
cell-surface expression of MHC class II molecules, CD11c, CD83, and costimulatory
molecules (Chiesa et al. 2011; Djouad et al. 2007; Nauta et al. 2006; Zhou et al.
2009), as well as their production of IL-12 (Chiesa et al. 2011; Nauta et al. 2006), and
decrease the proinflammatory potential of mature DC by inhibiting their production
of tumor necrosis factor and increasing their production of IL-10 (Aggarwal and
Pittenger 2005). The in vivo effect of MSC on DC functions has been elegantly
demonstrated following their intravenous administration in mice. In this experimental
condition, MSC led to inhibition of T cell priming associated with a rapid arrest of
DC migration into lymph nodes (Chiesa et al. 2011).

Innate immune cells MSC can also affect cells of the innate immune system, such as
natural killer (NK) cells and neutrophils. In vitro, MSC inhibit the cytotoxic activity
of resting NK cells by downregulating expression of activating receptors that are
involved in NK cell activation and target cell killing (Spaggiari et al. 2006), and
by abrogating their proliferation and IFNγ production induced by IL-2 or IL-15
(Spaggiari et al. 2008, 2006). Similar to resting NK cells, preactivated NK cells
had decreased proliferation, IFNγ production, and cytotoxicity after in vitro culture
with MSC (Aggarwal and Pittenger 2005; Poggi et al. 2005; Selmani et al. 2008;
Spaggiari et al. 2008, 2006). However, the significance of these in vitro observations
in relation to MSC treatment in MS is unclear. Indeed, animal models of MS have
provided evidence for both disease-accelerating and disease-protective effects of NK
cells, and NK cells were shown to be less frequent in MS patients and to expand
during effective immunotherapy (reviewed in Lunemann and Munz 2008). Although
these observations suggest that these innate lymphocytes exert beneficial functions,
the mechanisms that could mediate such immunoregulatory NK cell functions in
MS are, however, poorly understood. It should be noted that cytokine-activated NK
cells can themselves kill both autologous and allogeneic MSC in vitro (Poggi et al.
2005; Spaggiari et al. 2008, 2006) and that MSC are partially protected from NK
cell-mediated cytotoxicity upon exposure to IFNγ (Spaggiari et al. 2006). Thus, in
a microenvironment rich in IFNγ, such as would occur in vivo in inflamed CNS,
NK cell function could be inhibited by MSC, whereas in the absence of IFNγ, the
balance would be tilted towards the elimination of MSC by activated NK cells.

Due to their indiscriminate histotoxic potential, neutrophil activation is tightly
regulated through a complex mechanism called “priming” that precedes full activa-
tion. There is evidence of neutrophil priming in inflammatory autoimmune disease,
such as rheumatoid arthritis (Wright et al. 2010), and, while the role of neutrophils
has not been examined extensively in MS, a recent study indicated that neutrophils
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from MS patients are increased in number and show a priming signature, including
reduced apoptosis, and enhanced degranulation and oxidative burst (Naegele et al.
2012). In this context, MSC were shown to dampen the respiratory burst and to delay
the spontaneous apoptosis of resting and activated neutrophils in vitro through an
IL-6 dependent mechanism (Raffaghello et al. 2008). MSC-mediated preservation of
resting neutrophils might be important in those anatomical sites where large numbers
of mature and functional neutrophils are stored, such as the bone marrow and lungs.

It should be noted that in vitro inhibition of any one of the MSC-derived soluble
immunosuppressive factors does not fully abrogate the immunomodulatory activity
of MSC, and their relative contribution to the immunosuppressive effects varies be-
tween different studies. Therefore, it is clear that MSC-mediated immunoregulation
is a redundant system that involves several molecules.

20.3.2 Neuroprotection

Downregulation of the inflammatory process by MSC can halt or at least delay im-
mune damage to the CNS, thereby resulting in sparing of axons (Gerdoni et al. 2007;
Kassis et al. 2008; Zhang et al. 2006). MSC could also exert a potent neuroprotective
effect in neurological diseases such as MS through different mechanisms, such as
paracrine release of neuroprotective molecules, without the need for cell–cell contact
with the target cells. Thus, MSC secrete brain-derived neurotrophic factor and nerve
growth factor (β-NGF), which promote neuronal survival in vitro (Crigler et al. 2006;
Wilkins et al. 2009). MSC also promote neurite outgrowth within dorsal root gan-
glion explants despite secreting a much lower level of β-NGF required exogenously
to produce a similar effect (Crigler et al. 2006). Several groups have demonstrated
in vitro that MSC can rescue neurons from apoptosis (Scuteri et al. 2006; Wilkins
et al. 2009), and coculture of dorsal root ganglia sensory neurons with MSC led to
long-lasting survival and maturation of the neurons instead of commitment to die
(Scuteri et al. 2006). In this latter study, cellular contact was seen to be mandatory
for the supporting function of MSC on neuronal survival and maturation, and the
long-lasting survival promoting effect observed during the coculture of MSC was
exclusively due to the direct interaction of MSC with neurons, and not due to the
differentiation of MSC or to the release of neurotrophic factors (Scuteri et al. 2006).

A recent study has shown that i.v. administration of MSC does not lead to a
consistent CNS engraftment, but is sufficient to protect hippocampal neurons from
kainic acid glutamate-mediated excitotoxicity in a mouse model of temporal lobe
epilepsy (Voulgari-Kokota et al. 2012). This effect relies on the ability of MSC to se-
crete molecules that can protect mouse cortical neurons from N-Methyl-D-Aspartate
(NMDA)-induced increase of calcium influx and subsequent excitotoxicity. These
results are in line with the ability of MSC to inhibit glutamatergic excitotoxicity
in the spinal cord of SOD1/G93A mice, a transgenic mouse model of amyotrophic
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lateral sclerosis, upon i.v. administration, resulting in a significant increase in animal
survival (Uccelli et al. 2012).

In vivo, the neuroprotective effect of MSC may occur through an action on local
neural cells, as supported by in vitro experiments addressing the interaction between
MSC and microglia, where MSC were seen to increase expression and release of
neuroprotective molecules by microglia, in particular fractalkine receptor CX3CR1,
nuclear receptor 4 family NURR1, CD200 receptor, and insulin growth factor 1
(Giunti et al. 2012). The effects on CX3CR1-expressing microglia were shown to
be due to the release of the CX3CR1 ligand, CX3CL1 (fractalkine), by MSC, and
exogenous CX3CL1 induced phenotypic and functional changes in microglia similar
to those induced by the MSC themselves (Giunti et al. 2012). MSC can also have
a direct neuroprotective effect on neurons, as shown by their protective effect from
oxidative stress damage on neuroblastoma cells; the increase in oxidative stress-
associated proteins in neurons exposed to H2O2 was abrogated in these cells upon in
vitro coculture with MSC (Lanza et al. 2009).

20.3.3 Neuroregeneration

There is evidence in vitro to suggest that MSC are a promising approach to achieve
neuroregeneration. An early study showed that bone marrow stromal cells induced
neuronal differentiation of rat mesencephalic neural stem cells through soluble fac-
tors (Lou et al. 2003). More recent studies showed that MSC can instruct NPC in
vitro to enter an oligodendrogenic program while inhibiting their ability to differen-
tiate into astrocytes (Rivera et al. 2006). Thus, interaction between MSC and NPC
through soluble factors induced an increase in cells expressing the oligodendroglial
markers, galactocerebroside and myelin basic protein; a reduction in glial fibrillary
acidic protein-expressing cells; and an enhanced expression of the oligodendrogenic
transcription factors Olig1, Olig2, and Nkx2.2, with diminished expression of Id2,
an inhibitor of oligodendrogenic differentiation (Rivera et al. 2006). Similarly, in
vitro neurospheres from MSC-treated EAE mice gave rise to more oligodendrocytes
and less astrocytes than nontreated neurospheres, suggesting that MSC modulate
CNS responses to injury in part through suppression of astrogliosis (Bai et al. 2009).

The potent anti-inflammatory capacity, the direct release of antiapoptotic and
neurotrophic factors, the ability to induce other cells, such as microglia, to acquire
a protective phenotype and to induce proliferation of local neural progenitor cells
possibly leading to remyelination, are likely to sustain the protective effects observed
in preclinical EAE models upon treatment with MSC.

20.4 Preclinical Studies

Studies in EAE, as well as in models of other neurological diseases, have clearly
shown that immunomodulatory, neuroprotective, and neuroregenerative effects of
MSC in vitro can translate in vivo (Table 20.1). Thus, upon administration in
laboratory animals, MSC induced peripheral tolerance and, in some cases, migrated
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to injured tissues, reducing the release of proinflammatory cytokines and promoting
the survival of damaged cells. In most of these studies, the beneficial effect of MSC
on the injured tissue occurred despite limited levels of engraftment and transdif-
ferentiation, suggesting that the multipotentiality of these cells is not essential for
their clinical effect, but that the therapeutic plasticity of MSC is exploited mainly in
a paracrine fashion rather than in a cell–cell contact-mediated mechanism. In both
chronic and relapsing–remitting EAE models of MS, induced with encephalitogenic
peptides of myelin oligodendrocyte glycoprotein (MOG35–55) and proteolipid pro-
tein (PLP139–151), respectively, MSC could improve the clinical course of the disease,
decrease demyelination, and promote tissue repair (Bai et al. 2012; Bai et al. 2009;
Constantin et al. 2009; Gerdoni et al. 2007; Gordon et al. 2008; Rafei et al. 2009;
Zappia et al. 2005; Zhang et al. 2006). Only a few studies provided some evidence,
mainly by histological staining, that a small number of MSC engrafted in the CNS,
possibly acquiring a neural phenotype (Zhang et al. 2006), particularly if injected
directly in the CNS (Kassis et al. 2008).

In the first study of the effect of MSC administration on EAE, Zappia et al. (2005)
showed that preventive treatment (i.v. infusion before disease onset) decreased sever-
ity of chronic EAE induced with MOG35–55 and led to a reduction in demyelination
and CNS infiltration by T cells, B cells, and macrophages. Therapeutic treatment
(i.v. infusion after disease onset) was also effective, albeit if administered early dur-
ing disease course or at peak of disease and not in the chronic progressive phase
(Zappia et al. 2005). Analysis with GFP-MSC showed that some cells may migrate
to lymphoid organs where they are likely to interact with activated T cells and DC
and exert their immunoregulatory activity, inducing peripheral T cell tolerance to the
immunizing antigen (Zappia et al. 2005). A similar effect of MSC on encephalito-
genic T cells was shown in the study of Gerdoni et al. (2007), where, upon adoptive
transfer, encephalitogenic T cells activated in vitro with PLP139–151 in the presence
of MSC induced a milder relapsing–remitting disease compared with that induced by
untreated activated encephalitogenic T cells. This study also demonstrated that MSC
treatment can inhibit antigen-specific B cell response in vivo (Gerdoni et al. 2007).
Rafei et al. (2009) have proposed that the immunomodulatory effect of MSC is re-
lated to blockade of IL-17-driven inflammation and cellular infiltration of the CNS,
through their secretion of the antagonist form of CCL2 as ligand for CCR2 expressed
by pathogenic Th17 CD4+ T cells. They found that i.p. administration of wild-type
MSC in ongoing disease significantly reduced severity, whereas MSC isolated from
CCL2-knockout mice had no significant impact akin to the vehicle control group,
and showed that the effect was probably mediated at least in part through upregu-
lation of B7H-1, which blocks proliferation, on MOG-specific T cells (Rafei et al.
2009). On the basis of in vitro studies (see previous discussion), Lanz et al. (2010)
addressed the role of IDO1-mediated tryptophan catabolism, a major immunosup-
pressive effector pathway, in the suppression of antigen-specific T cell responses by
mouse MSC in EAE; in contrast to expectations from in vitro studies, mouse MSC,
unlike human MSC, did not display IDO1-mediated suppression of antigen-specific
T cell responses. These data, however, contrast with those of Matysiak et al. (2008)
who reported that MSC ameliorate EAE via an IDO- mediated mechanism. Whether
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or not the differences in data obtained are related to the different EAE models used in
both studies (chronic MOG-induced vs. relapsing–remitting PLP-induced) remains
to be determined.

Although all studies so far concur on the immunomodulatory effect of syngeneic
or allogeneic MSC on EAE (Table 20.1), there is controversy as to the ability of
these cells to engraft and/or transdifferentiate. Regardless, the neuroprotective effect
of MSC has been clearly demonstrated. In chronic and relapsing–remitting EAE
studies, syngeneic and allogeneic MSC were seen to enter the CNS but did not
transdifferentiate noticeably (Gerdoni et al. 2007, 2010; Zappia et al. 2005). Thus,
Zhang et al. (2005) reported that upon treatment of PLP-induced EAE with human
MSC, a small proportion (less than 5 %) of injected cells expressing NG2, an oligo-
dendrocyte progenitor marker, could be seen in the CNS of EAE–affected mice,
suggesting some degree of neural differentiation; the neuroprotective effect they ob-
served was apparently associated with increased expression of brain-derived nerve
factor in the CNS upon treatment. Kassis et al. (2008) also observed putative trans-
differentiation ability of MSC, mostly when administered intraventricularly, with
detection of cells expressing neuronal, astrocytic, and oligodendrocytic markers in
inflamed CNS of mice with MOG-EAE; they report a strong neuroprotective effect
of the treatment with prevention of axonal damage apparently more effective upon
intraventricular administration. Although Gordon et al. (2008) confirmed the thera-
peutic potential of human MSC on EAE with a different route of administration, that
is intraperitoneally, they did not detect significant presence of human MSC in the
CNS, possibly due to the mode of delivery (Gordon et al. 2010). Bai et al. (2009)
reported similar immunomodulatory and neuroprotective effects on both chronic
and relapsing–remitting EAE upon treatment with human MSC to those reported in
previous studies with mouse MSC (Gerdoni et al. 2007; Zappia et al. 2005); they
suggested that the recovery of myelination they observed reflects a combination of
suppression of the autoimmune response and induction of proliferation or enhanced
differentiation of endogenous progenitor cells, as shown by the increase in density
of NG2+ cells and oligodendrocytes in the CNS of treated animals (Bai et al. 2009).
A similar observation of increased endogenous oligodendrocyte progenitors, albeit
with MSC derived from adipose tissue rather than bone marrow, was made by Con-
stantin et al. (Constantin et al. 2009). A possible mechanism for the neuroprotective
effects played by MSC in EAE was proposed by Lanza et al. (2009) who showed
that MSC are endowed with a potent antioxidant effect in vivo, as demonstrated by
the remarkable reduction in CNS levels/activities of antioxidant molecules involved
in the defense against EAE-induced oxidative stress and tissue damage.

As clearly demonstrated by in vitro studies, MSC mediate their immunomod-
ulatory and neuroprotective effects mainly through the release of soluble factors.
The idea that such an action could translate in vivo was recently demonstrated by
the study of Bai et al. (2012) who demonstrated that conditioned growth medium
from human MSC promotes functional recovery in MOG- induced EAE; the effect,
associated with remyelination and stimulation of neural development, is apparently
mediated by HGF probably through its receptor cMet, which is expressed on both
immune and neural lineage cells.
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Recent studies have also focused on the possibility of enhancing the neuropro-
tective effect of MSC by differentiating them towards neural progenitors (Harris
et al. 2012; Matysiak et al. 2011, 2008), or by engineering them to express, and
thereby secrete, neuroprotective molecules to synergize MSC-mediated immuno-
suppression and neuroprotection (Lu et al. 2009). However, the results of these
studies are somewhat contradictory and further investigations are necessary.

Overall, preclinical studies of MSC in EAE (Table 20.1) indicate that the three
different mechanisms at play in disease amelioration, namely peripheral modulation
of pathogenic immune responses, neuroprotection, and neuroregeneration, albeit
the latter as yet poorly studied, provide a strong rationale for the use of MSC in
therapeutic trials for neurological diseases characterized by inflammation and neural
damage, such as MS.

20.5 Clinical Studies in MS

The robust amount of data in the preclinical studies demonstrating the therapeutic
properties of MSC in the EAE models as well as in other neurological diseases
(Uccelli et al. 2011), has opened the way to the clinical translation of MSC in MS.

Four small phase I open-label studies have yielded preliminary results on the
safety of clinical application of MSC in MS (Connick and Li 2012; Karussis et al.
2010; Mohyeddin Bonab et al. 2007; Yamout et al. 2010), and the International
Mesenchymal Stem Cells Transplantation (IMSCT) study group recently started an
international multicenter phase II clinical trial in order to clearly define the safety
and the efficacy of an established protocol on a large cohort of patients.

20.5.1 Source, Route of Administration, and Dose of MSC

Autologous MSC for the treatment of MS patients present advantages over xeno-
geneic or allogeneic cells. First, while xenogeneic (Zhang et al. 2005) and allogeneic
(Eliopoulos et al. 2005; Le Blanc et al. 2008) MSC have proven effective in some
preclinical (Zhang et al. 2005) and clinical studies (Le Blanc et al. 2008), other stud-
ies have shown that they might be rejected by the host immune system (Eliopoulos
et al. 2005). Second, the use of autologous MSC minimizes the risk of transmission
of infectious disease. Thus, as MSC isolated from MS patients display a normal phe-
notype and are fully functional in terms of proliferation, in vitro differentiation, and
immunosuppressive ability (Mallam et al. 2010), autologous MSC seem to be the
best choice for transplantation in MS patients. Accordingly, to date, all pilot clinical
studies on MS have been conducted with autologous MSC (Connick and Li 2012;
Karussis et al. 2010; Mohyeddin Bonab et al. 2007; Yamout et al. 2010).

As clearly shown in the preclinical studies on EAE, intravenous administration
suffices to obtain most of the beneficial effect of MSC in terms of immune modulation
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and neuroprotection/neuroregeneration (Table 20.1). Indeed, local MSC administra-
tion did not provide significant advantage when compared with systemic infusion in
EAE (Morando et al. 2012). It can be argued that intrathecal administration could
overcome the limited amount of cells engrafted in the CNS that is usually obtained
when MSC are infused intravenously, with local release by MSC of molecules fa-
voring neuroprotection and neuroregeneration further promoting repair of damaged
CNS areas. However, whether or not MSC will disseminate to all relevant areas of
damage and engraft in the CNS upon intrathecal administration is unclear and, most
importantly, intrathecal administration is invasive and may be associated with side
effects such as transient acute encephalopathy and meningeal irritation observed in
recent pilot clinical studies (Karussis et al. 2010; Mohyeddin Bonab et al. 2007;
Yamout et al. 2010). These considerations should favor intravenous infusion as the
route of administration in clinical trials of MSC in MS patients.

Different amount of MSC have been used in the recent pilot clinical trials in MS
(Connick and Li 2012; Karussis et al. 2010; Mohyeddin Bonab et al. 2007; Yamout
et al. 2010). The mean dose was about 1–2 × 106 MSC/kg of body weight, as
similarly utilized in clinical trials for hematological disease and other autoimmune
diseases (Duijvestein et al. 2011; Le Blanc et al. 2008). It has to be noted that MSC
doses in clinical trials have been considerably lower than those of the preclinical
studies, and must per force be so. The doses of 1–3 × 106 MSC per mouse utilized
in EAE studies are not at present translatable to human treatment; indeed, it is almost
impossible to recover and expand human MSC in vitro from a standard bone marrow
aspiration to equivalent quantities.

20.5.2 Safety and Efficacy

MSC have been used clinically for over a decade and many trials were recently started
to provide evidence for the safety and efficacy of their clinical use in neurological
diseases (Uccelli et al. 2011). Results of the pilot trials in MS suggest that MSC
treatment is well tolerated and generally safe, albeit with data only available for
short-term periods. Nevertheless, it should be noted that some adverse events have
been recorded associated with intrathecal injection. Thus, in their pilot study of
intrathecal MSC injection in ten progressive MS patients, Mohyeddin et al. (2007)
reported mild side effects of meningeal irritation and one case of iatrogenic meningitis
due to the invasive procedure, with no further adverse event through the 13–26-
month follow-up; in their subsequent study, they reported a major adverse event,
transient encephalopathy with seizure that occurred a few days after MSC infusion,
in one of the seven patients treated (Yamout et al. 2010). In contrast Karussis et al.
(2010) observed only fever and headache at the time of intrathecal injection in their
study on 15 MS patients and reported an acceptable short-term safety profile of the
intrathecal route of administration of MSC at doses of up to 70 × 106 cells per
injection per patient. In the only trial conducted to date in MS patients treated with
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MSC exclusively by i.v. infusion, none of the ten patients experienced a significant
adverse event through the 7-month follow-up (Connick and Li 2012).

However, long-term safety issues of MSC are still unresolved. Only a few clinical
trials with long-term follow-up have been conducted in chronic diseases, such as
stroke and amyotrophic lateral sclerosis (Bang et al. 2005; Mazzini et al. 2012);
they showed no adverse long-term side effect following MSC infusion. In addition,
the concern that MSC might induce tumor cell growth has not yet been resolved,
and in vitro and in vivo data are inconsistent (Ame-Thomas et al. 2007; Bergfeld
and DeClerck 2010; Bruno and Smith 2012; Djouad et al. 2003; Hass and Otte
2012; Karnoub and Weinberg 2006; Khakoo et al. 2006; Ramasamy et al. 2007),
perhaps due to the heterogeneous nature of the MSC populations and the different
experimental tumor models used in which the microenvironment probably influences
the behavior of the MSC (Bergfeld and DeClerck 2010). Nevertheless, irrespective of
the possible interactions between cancer cells, immune cells, and MSC, the potential
risk of stimulating the growth of a previously undetected cancer in the long term
upon treatment with MSC must be taken into consideration.

Of the four clinical studies published so far, only one aimed at assessing efficacy
of MSC treatment. In their open-label phase IIa proof-of-concept study, Connick
et al. measured visual parameters in ten patients with secondary progressive MS and
visual pathway involvement who had received MSC i.v.; they report improvement
in visual acuity and visual evoked response latency, with an increase in optic nerve
area (Connick and Li 2012). The other three studies report anecdotal improvement
in some clinical and radiological outcomes (Karussis et al. 2010; Mohyeddin Bonab
et al. 2007; Yamout et al. 2010).

Obviously, large and long-term controlled clinical studies are needed to clearly
assess safety along with efficacy, in terms of immune modulation and neuroprotection
for this therapeutic strategy. Nevertheless, preclinical and clinical studies altogether
suggest that MSC are likely to find a place among the therapies for MS patients with
clinical or radiological evidence of inflammation, and who are refractory to first-
line treatments. It is also reasonable to expect that in these patients, the therapeutic
plasticity of MSC might foster tissue repair, delaying the progression of disability.
The latter aspects have to be evaluated by specific MRI measures (Giacomini and
Arnold 2008) and robust techniques will need to be developed to track the homing
of exogenously infused MSC into the CNS (Karp and Leng Teo 2009).

20.5.3 Perspectives

To clearly dissect the potential of MSC as treatment for MS, properly controlled
clinical studies on a cohort of patients are urgently needed (Martino et al. 2010).
Safety and efficacy in terms of immune modulation and, more interestingly, repair of
the CNS damage have to be addressed adequately in the framework of rigorous con-
trolled clinical trials. On the basis of these considerations, the IMSCT study group
has been established, which includes scientists and clinicians from several centers in
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Fig. 20.1 The MESEMS protocol

Europe, Canada, andAustralia. In 2010, the IMSCT study group reached a consensus
to guide a large international phase II clinical trial of MSC for the treatment of MS,
based on a protocol termed Mesenchymal Stem cells for MS (MESEMS; Freedman
et al. 2010; Fig. 20.1). This trial is to be conducted as a randomized, double-blind,
cross-over study of intravenous treatment with autologous MSC compared with sus-
pension medium in MS patients with active disease, including relapsing–remitting,
secondary progressive with relapses and/or enhancing lesions, and primary progres-
sive with enhancing lesions. After bone marrow harvesting, MSC will be isolated,
expanded under good manufacturing procedures, and cryopreserved. Randomized
patients will be infused i.v. with 1–2 × 106 MSC/kg of body weight or suspension
medium and, 6 months later, subjected to another infusion, where patients who had
been treated with MSC will be treated with suspension medium and vice versa, in
a double-blinded manner (Fig. 20.1). The primary objectives of the study will be
to assess the safety of the treatment and its efficacy by clinical evaluation and fre-
quent MRI scans (Fig. 20.1). Secondary objectives include efficacy of treatment
evaluated by cumulative MRI activity and brain atrophy, evidence of remyelina-
tion measured by magnetization transfer ratio, effect on clinical parameters, visual
functions, neuropsychological tests, and immunological responses.

It is expected that current clinical trials will answer fundamental questions con-
cerning the efficacy of MSC, and whether these can play a role in the future
armamentarium of treatments for MS, hopefully as one of the first steps towards
tissue repair.
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