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Preface

Morphological, physiological and pathological evidence demonstrates that ner-
vous and immune systems interact not only in maintaining brain homeostasis,
but also in causing neurological diseases. The study of these interactions repre-
sents the basis on which neuroimmunology has grown during the years. At pre-
sent, several neurological diseases are recognized to be caused by a derange-
ment of the immune system in either its regulatory or effector functions.

The main scope of this book, to discuss how an unbalanced immune system
may lead to immune-mediated neurological diseases, is achieved in three parts.
The first part provides an overview on how the immune system works. This is
propaedeutical to understanding interactions between the immune and ner-
vous systems, which are discussed in the second part. The third part of the
book focuses on one particular area of neuroimmunology, the immune disor-
ders leading to the damage of central and peripheral myelin.

Given the opportunity to review first the immune system in itself and then
how it operates during immune-mediated demyelinating disorders, we have
tried to provide the reader with a basis for clearly understanding how interac-
tions between the immune and nervous systems can be protective or pathoge-
nic. This knowledge is a prerequisite for a rationale immune intervention tar-
geting these disorders.

G. Martino
L. Adorini
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Chapter 1

Protective Versus Harmful Responses and Inmune Regulation

F. D1 Rosa!, V. BARNABA 2

Introduction

The immune system can mount a response against a wide array of different anti-
gens, and the rules governing its functioning are not clear yet. We outline here
how the immune response is regulated at the level of (1) induction, (2) balance
between different arms of immune defense, and (3) termination. We suggest that
it is not easy to draw a line between protective anti-pathogen defense and harm-
ful autoimmune attack, and provide a few examples explaining how anti-viral
responses may favor autoimmunity.

Induction of an Inmune Response

The first question is what determines whether an antigen will induce an immune
response or not. The general view is that antigen recognition by specific membrane
receptors expressed by peripheral B and T cells is not sufficient for cell activation,
and an additional signal is required. For activation of CD4" T cells, the second sig-
nal is provided by the antigen-presenting cell (APC) and can be given by membrane
molecules of the B7 family or by soluble mediators [1]. Once CD4* T cells have been
activated, they can help B cells and CD8" T cells to respond to the antigen.

The display of an effective second signal by APC is regulated by many factors,
such as dose of antigen, route of its administration, and more importantly
whether the antigen is given in conjunction with adjuvant or not. The role of the
adjuvant can be either to promote inflammation, with subsequent APC activation,
or to turn on the APC via direct means. The presence of an infectious agent and
the cellular damage caused by it are considered the most potent stimuli to turn on
the APC, and the use of adjuvant is aimed at mimicking the effect of a pathogen
entry [2, 3].

' Fondazione Andrea Cesalpino, I Clinica Medica, Universitd La Sapienza, V. le
dell’Universita 30 - 00161 Rome, Italy. e-mail: barnaba@uniromal.it
? Istituto Pasteur-Cenci Bolognetti, 00185 Rome, Italy
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To avoid harmful response to self-antigens, many mechanisms operate both at
the level of primary lymphoid organs (central tolerance) and of secondary and
tertiary lymphoid organs (peripheral tolerance). The repertoire of antigen recep-
tors that can be expressed by B and T cells is enormously heterogeneous, and
includes potentially harmful self-reactive cells. However, B and T cells specific for
self-antigen expressed respectively in bone marrow and thymus do not complete
their development successfully, because of central tolerance mechanism [4, 5].
Due to selection during development, mature T cells which populate the peri-
phery can recognize self-peptides at low affinity, or are specific at high affinity for
self-antigen not expressed in the primary lymphoid organs. These mature self-
reactive cells are potentially harmful and are normally kept under control by dif-
ferent mechanisms of peripheral tolerance [6, 7].

Viral-induced immune Responses

The immune response to antigens carried by viruses is usually protective, and is
essential to eradicate the infection. However, during acute viral-induced inflam-
mation, the immune system can develop an anti-self response, in addition to the
response to viral antigens [8, 9]. The anti-self response in the course of viral infec-
tion can be due to cross-reactivity between viral antigens and self-antigens, as
already proposed many years ago [10]. Many examples from experimental mod-
els [11, 12] and human diseases [13, 14] support this view [15].

Viruses can also favor the immune response to “cryptic” self epitopes, which
are not normally presented by major histocompatibility complex (MHC) mole-
cules [16]. In fact, during viral infection, many new self epitopes can be generat-
ed, because of either virus direct effect on cellular protein expression and pro-
cessing, or virus indirect effect promoting inflammation, with subsequent self-
antigen release and processing [17]. Two interesting examples of cryptic antigens
which become targets of a self-reactive attack in the presence of a virus are the
membrane molecule CD4 and the cytoskeletal protein vinculin, in patients infect-
ed by human immunodeficiency virus (HIV) [18, 19].

The response to self-antigens, either cross-reactive to viral antigens or cryptic,
or both, is favored because viral infection can induce inflammation and APC acti-
vation [9]. The most potent APC are the dendritic cells (DC) which are localized
in normal tissues in a quiescent state. Antigen presentation by dormant DC is not
an efficient stimulus for T cell activation and it is believed to induce tolerance [20-
22]. In the presence of an infectious agent, APC are activated, pick up antigens in
the tissue environment, and migrate to lymphoid organs where they stimulate T
cells. Viruses can activate DC to prime CD4* T cells and to directly stimulate CD8*
T cells independently of CD4* help [23-25]. Moreover, cytokines released because
of viral infection may induce bystander T cell activation [26-28].
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Th1 and Th2 Cell Activation

The second question concerns the type of response that is induced by the antigen.
It has been clearly shown that the pattern of cytokines produced at the beginning
of an immune response determines whether T helper 1 (Th1) or Th2 cells will be
preferentially activated [29]. In fact, high levels of interleukin (IL)-12 lead to Thl
differentation, whereas high levels of IL-4 drive the response to Th2 type. The two
subsets of T cells, Th1 and Th2, have different functions and help cellular mediat-
ed and humoral responses, respectively. Most autoimmune diseases are caused by
CD4+ Th1 cells, which produce mainly IL-2, interferon gamma (IFN-Y), and tumor
necrosis factor (TNF). When Th1 cells are activated, they express adhesion mole-
cules which enable them to pass the endothelium and gain access into tissues
[30]. Self-reactive Th1 cells are restimulated by antigen presented in the tissue
and release chemokines and cytokines, recruite other T cells and macrophages,
and induce inflammation [31].

Viral Infection and Type of Inmune Response

Thl responses and cytotoxic T lymphocytes are also the main host defense
against viruses, especially for stopping viral replication and killing virus-infected
cells. Therefore, some viruses evolved different strategies to modulate host
immune responses, for example Epstein-Barr virus produces an IL-10-like protein
that interferes with the host immune response [32]. However, in most cases the
anti-viral response has a strong Th1 polarization. Thus, if an anti-self response is
generated in the course of viral infection, a Th1 bias will usually be favored.

Termination of the Inmune Response

The third question is about the regulation of the length of the immune response,
and whether there is an acute or chronic immune activation. Recently, many
investigators have turned their attention to the different mechanisms responsible
for termination of the immune response (references in [33]). It has been proposed
that effector T and B cells generated during the expansion phase are eliminated at
the end of the response while memory cells are spared. The control of cell death
and survival in this phase is important both for the homeostasis of the immune
system and to limit possible detrimental effects of the response. Interactions
between molecules of the Fas/FasL system can promote apoptosis of terminally
differentiated effector cells, whereas members of the Bcl protein family have been
implicated in the modulation of the cellular response to apoptotic stimuli [34, 35].
In addition, cytotoxic lymphocyte antigen-4 (CTLA-4) ligation on activated T
cells can deliver negative signals, possibly via dephosphorylation of activating
kinases, and may contribute to the downregulation of the effector arm of the
immune response [36]. Recently, it has been proposed that T-T cell presentation
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by effector T cells in an inflammatory infiltrate may induce downregulation of the
immune response, due to lack of CD40-CD40L interaction [37].

Chronic Inmune Responses, Viruses and Autoimmune Diseases

The emerging view is that waves of activated effector cells are expanded follow-
ing antigen stimulation, but they have a limited lifespan. If the antigen is carried
by an infectious agent, cytotoxic cells and antibodies generated during the
response are important for clearance of the pathogen. The immune response
tends to be self-limited and ends a short while after stimulus withdrawal.
However, if the pathogen persists, then the immune response will become chron-
ic and may lead to immune pathology. This is the case for many chronic viral
infections. Moreover, autoimmunity is probably sustained in most cases by per-
sisting viral infections.

Experimental models mimicking human autoimmune disease have been used
to investigate the regulation of the length of the immune response. For example,
experimental allergic encephalomyelitis can be induced in susceptible mice by
immunization with myelin-derived antigens, leading to activation of self-reactive
Th1 cells which migrate to the central nervous system (CNS) and cause inflamma-
tion. This process in most cases is self-limited, and mice spontaneously recover due
to unknown regulatory mechanisms. Although it has been proposed that a shift
from a Thl-type to a Th2-type response induces downregulation of the autoim-
mune attack to CNS [38, 39], there is no strong supporting experimental evidence.
Recent data suggest that this mechanism does not play a major role in turning off
the response [40]. An alternative hypothesis is that in the absence of a persisting
stimulus the immune response usually ends. Thus, it seems unlikely that events
such tissue damage, new self-antigen release, and renewed autoreactive cell stimu-
lation are able to generate a vicious circle responsible for chronic autoimmunity.
However, an anti-self response may more easily become a chronic autoimmune
disease if sustained by the persistence of an infectious agent, such as a virus.

Acknowledgements: This work was supported by Ministero della Sanita- Istituto Superiore di Sanita
(I 'and II Progetto Sclerosi Multipla).
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Chapter 2

Antigen Recognition and Autoimmunity

F. SINIGAGLIA', ]J. HAMMER?

Introduction

The genes for the human leukocyte antigen (HLA) class II molecules lie within
the major histocompatibility complex (MHC) on chromosome 6. The HLA class
I1 loci are clustered into three regions, known as DR, DQ and DP. Each of these
regions contains at least one o gene and one P gene. The gene products form an
o heterodimer which is expressed as a membrane-bound protein on the cell sur-
face. HLA class II proteins play a central role in T-cell selection and activation.
They bind peptide fragments derived from protein antigens and display them on
the cell surface for interaction with the antigen-specific receptors of T lympho-
cytes.

HLA class II loci are extremely polymorphic. Allelic variation between HLA
class IT molecules of different individuals accounts for the functional differences
revealed by HLA typing specificities, allograft reactivity, and, most importantly,
differential ability to bind and display antigenic peptides. Allelic variations of
HLA class II genes also seem to play a major role in autoimmunity. HLA typing of
large groups of patients with various autoimmune diseases revealed that some
HLA alleles occurred with a higher frequency in these patients than in the gener-
al population. Among the diseases strongly associated with HLA class II are for
example, rheumatoid arthritis, insulin-dependent diabetes mellitus and multiple
sclerosis.

In the last few years several important breakthroughs and technological
advances have made it possible to clarify the role of polymorphism and the mol-
ecular events in peptide interaction with MHC class II proteins. Based on this
knowledge, the structural basis for MHC-linked susceptibility to autoimmune
diseases can now be reassessed with sufficient detail in order to solve long-stand-
ing questions in this field.

' Roche Milano Ricerche, Via Olgettina 58 - 20132 Milan, Italy. e-mail: francesco.sini-
gaglia@roche.com
?Hoffmann-La-Roche Inc., Preclinical R&D, 340 Kingsland Street Nutley, NJ 07110 US
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Peptide-MHC Molecule Interactions

The determination of the X-ray structure of different human class II molecules
[1-3], the selection of large class II-bound peptide repertoires using M13 peptide
display [4, 5] and the characterization of class II-eluted, naturally-processed pep-
tides [6-9] have elucidated the structural requirements for peptides binding to
class II molecules.

The peptide binding groove of class II molecules is open at both ends [1, 2]
thus allowing class II-bound peptides to extend beyond both termini. As a result,
these peptides are longer than those bound by class I molecules and exhibit con-
siderable length variation, typically 12-24 residues. Class II molecules form many
conserved hydrogen bonds with the peptide main chain [1], forcing class II-
bound peptides into a similar conformation despite differences in their primary
sequence. The sequence-independent network of hydrogen bonds between con-
served MHC residues and the peptide main chain gives rise to a broad but not
unlimited peptide binding capacity. Indeed, most natural peptide sequences lack
the characteristics necessary to bind to MHC molecules. This is because peptide
main chain interactions are not the only mode of MHC binding. Some of the pep-
tide side chains contact residues within the MHC cleft and increase the overall
binding affinity and specificity of the associated peptides (anchor residues) [2, 5]
while others interfere with residues of the MHC cleft and reduce binding
(inhibitory residues) [10, 11]. These sequence-dependent interactions are due to
the irregular surface of the MHC cleft. MHC side chains protrude into the cleft
and form pockets or ridges, resulting in strong preferences for interaction with
particular amino acid side chains.

Notably, most pockets in the MHC groove are shaped by clusters of polymor-
phic MHC residues and thus have variable chemical and size characteristics in
different MHC alleles. For example, a negatively charged side chain in one MHC
molecule may preferentially interact with positively charged peptide residues,
while a positively charged side chain in another MHC molecule may only bind to
negatively charged peptide residues; similarly, a small side chain in one MHC
molecule may greatly extend a pocket and allow for the interaction with many dif-
ferent amino acid residues, while a large amino acid side chain in another MHC
molecule may completely block the access to this pocket. MHC alleles can there-
fore be characterized by differences in the precise nature and position of poly-
morphic pockets, thereby playing a major role in allele-specific peptide binding.

MHC Peptide-Binding Motifs

The interaction of peptide side chains with pockets of the MHC cleft imposes
sequence requirements on the binding peptides. These requirements are summa-
rized in peptide-binding motifs. A breakthrough for the analysis of MHC binding
motifs was the characterization of large MHC-selected peptide pools which
allowed the generalization of rules for peptide binding to MHC molecules. Class
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I motifs were analyzed by the pooled peptide sequencing technique, which con-
sists of the elution of endogenous class I peptide pools and their subsequent
analysis, involving Edman sequencing (reviewed by Rammensee [12]). The length
restriction on peptides bound by class I molecules leads to their natural align-
ment in the binding groove. Thus, position-dependent preferences for particular
amino acid side chains (class I anchors) can be identified by sequencing mixtures
of the eluted peptides. Class II motifs were identified by the analysis of large pep-
tide pools selected from M13 bacteriophage peptide display libraries comprising
several million random nonamer peptides. Sequence analysis of the DNA encod-
ing the displayed peptides led to the identification of class IT anchors (reviewed
by Sinigaglia and Hammer [13]).

Pool sequencing and the screening of phage libraries have been used for the
identification of several allele-specific class I and class II binding motifs, respec-
tively. These motifs generally consist of 2-4 anchor positions that are at fixed dis-
tances from one another.

Prediction of MHC Binding Peptides

The discovery of motifs through pool sequencing and phage library screening
would imply simple rules for peptide-MHC interactions. Several lines of evidence
indicate, however, that these motifs are only the tip of the iceberg and that the
rules for MHC-peptide binding are much more complex [14] since: (i) inhibitory
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residues are as important for MHC-peptide binding as are anchor residues, and
binding studies have revealed both position-specific and allele-specific properties
of such inhibitory residues; (ii) apart from the main anchor positions identified
by pool sequencing and phage library screening, additional “secondary” anchors
were found to be important for MHC-peptide binding, thus rendering difficult the
prediction of MHC binding sequences from “simple” MHC motifs. As a conse-
quence, new quantitative approaches were developed that allowed for a more
complete characterization of MHC-peptide binding specificity. The effects of all
natural amino acids at each peptide position were quantified using multiple-pep-
tide synthesis technology, together with new high-flux in vitro binding assays
[11]. The resulting quantitative motifs are “fingerprints” of the MHC clefts since
they represent the specificity of the various pockets forming the polymorphic
HLA class II cleft. A small database of pocket-specificity profiles was sufficient to
generate in silico a large number of HLA class I matrices, covering the majority
of human HLA class II peptide binding specificity. These virtual matrices were
incorporated in a software named TEPITOPE, capable of predicting HLA class II
ligands (Fig. 1) [15].

HLA and Disease Associations

Autoimmune diseases appear to occur when a specific immune response is
mounted against self. Although it is not known what triggers the autoimmune
response, both environmental and genetic factors are important. Genes in the
HLA-complex appear to account for the strongest genetic predisposition. For
example, a genome-wide scan for diabetes susceptibility genes has recently
demonstrated that several genes contribute to the disease process, but that genes
of the HLA complex are the most important [16]. The HLA complex consists of
more than 100 different HLA [17]. Sequencing of these HLA genes indicated that
disease-associated class IT molecules often share unique amino acid residues in the
peptide binding cleft (reviewed in [18-20]). These residues could affect predisposi-
tion to autoimmune disease by several mechanisms that are not mutually exclu-
sive, including for example shaping of the T-cell receptor repertoire and altering
the specificity of the peptide binding site [21-23].

The effect of disease-associated class II polymorphic residues in determining
peptide binding specificity has been addressed by detailed HLA class II peptide
binding studies. Although these studies alone cannot definitively establish the role
of MHC class IT alleles in determining resistance or susceptibility to autoimmune
disease, they nonetheless provide important information toward a clearer under-
standing of the autoimmune disease process. Identification of a correlation
between binding specificity and disease association, for example, strongly sup-
ports the hypothesis that selective binding of autoantigenic peptides is the major
mechanism underlying HLA-disease association. Furthermore, the knowledge of
HLA class II peptide binding rules could lead to the identification of autoantigenic
peptides selectively presented by the disease-associated HLA class II molecules.
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Rheumatoid Arthritis

Susceptibility to rheumatoid arthritis (RA) is specifically associated with the
HLA-DR locus [24]. More than 80% of Caucasian RA patients express
DRB1*0401, DRB1*0404, DRB1*0408 or DRB1*0101 [25]. In Japanese patients, the
frequency of another DR4 subtype, encoded by DRB1*0405, increases [26].
Interestingly, the RA-associated DR molecules all carry a short stretch of amino
acids at DR 67-74 (“shared epitope”) that is highly conserved, even though DR
67-74 covers an otherwise very polymorphic region of the DR cleft [27-29]. The
fact that DRB1*0402, a closely related molecule not associated with RA, differs
from some RA-linked molecules only in this shared epitope region, suggests that
this part of the molecule plays a critical role in disease association.

In an attempt to analyze the role of DR 67-74 on HLA-DR peptide binding
specificity, we compared the binding characteristics of RA-associated DR4 sub-
types with non-associated DR molecules [30]. Striking differences, especially in
the specificity of pocket 4, were identified between DR4 subtypes which are asso-
ciated with RA and those which are not. For example, peptides with negatively
charged residues at position 4 bound to RA-associated DRB1*0401 or DRB1*0404
molecules, but not to the non-associated DRB1*0402 molecule; the reverse was
true for peptides with positively charged residues at position 4. Site-directed
mutagenesis demonstrated that positively (DRB1*0401) or negatively
(DRB1*0402) charged residues at DRB71 were responsible for most of these
effects [30]. Altogether, these results demonstrated a striking correlation between
binding specificity and disease association, thus supporting the hypothesis that
selective binding of autoantigenic peptides is the mechanism underlying HLA
association in RA.

Although the target self antigen that initiates the autoimmune process is
unknown, a number of candidate autoantigens have been implicated in the patho-
genesis of RA. Some were derived from normal self proteins such as type II colla-
gen or other joint-associated proteins [31, 32], and others were from micro-
organisms [33]. Recently, a panel of DRB1*0401-restricted mouse T cell hybrido-
mas specific for bovine type II collagen were generated from DRB1¥0401 trans-
genic mice [34]. The vast majority recognized a single determinant correspond-
ing to the conserved residues 390-402 in human. This determinant was indeed
predicted by TEPITOPE to bind selectively to RA-associated HLA-DR molecules
[15], thus supporting the value of this approach for the identification of potential
autoantigens.

Multiple Sclerosis

Multiple sclerosis (MS) is a chronic inflammatory disease of the human central
nervous system (CNS) characterized by demyelination and focal infiltrates of
macrophages, plasma cells and T cells in the CNS. Susceptibility to MS is specifi-
cally associated with the HLA-DR locus [24]. Approximately 50%-70% of MS
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Fig. 2. Prediction of a promiscuous peptide in MBP with TEPITOPE. MBP 87-99 represents
an immunodominant region of MBP [41, 44]. DRB1*1501, in contrast to most other DR
molecules, is predicted to bind MBP region 87-99 in a slightly different binding frame.
(From [15] with permission)

patients carry the DRB1*1501 allele versus 20%-30% of normal individuals.
Besides DRB1*¥1501, other HLA class II alleles are over-represented in certain eth-
nic groups, such as DRB1*0401 in southern Italians and in Arabs [35, 36].

Myelin basic protein (MBP) and proteolipid protein (PLP), putative autoanti-
gens involved in the pathogenesis of MS, can induce experimental autoimmune
encephalitis (EAE) in mice and rats [37-39]. In humans, MBP or PLP-reactive
HLA-DR-restricted T cells have been isolated from both MS patients and healthy
controls [40-42]. MBP-specific T cells in MS patients were activated while those
from controls were in a resting state [43]. Activated T cells reactive to MBP or PLP
might therefore be involved in the pathogenesis of MS.

Computer analysis of MBP with TEPITOPE identified a promiscuous sequence
(MBP 87-99) likely to be bound by DRB1*1501; this MBP region represents a
slightly different binding frame than that recognized by most other DR molecules
(Fig. 2) [15]. A number of investigators demonstrated that MBP 87-99 indeed rep-
resents the immunodominant region of MBP in the context of the MS-associated
DR allele DRB1*1501 [44, 45], and that DRB1*1501 binds a peptide frame that is
different from the one recognized by most other DR alleles [46].

Epitope scanning with overlapping 20-residue-long peptides of PLP led to the
identification of an immunodominant epitope (PLP 175-192) for HLA-DR4 indi-
viduals [47]. Once again, this region could be predicted by TEPITOPE. HLA-DR4-
IE chimeric class II transgenic mice were immunized with MBP 87-106 and PLP
175-192 to investigate the development of the HLA-DR associated disease [48].
PLP 175-192 provoked a strong proliferative response of lymph node T cells, and
caused inflammatory lesions in the white matter of the CNS as well as symptoms
of experimental allergic encephalomyelitis. Immunization with MBP 87-106
elicited a weak proliferative T cell response and caused mild EAE. The amino acid
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sequences of both PLP 175-192 and MBP 87-106 are identical in humans and in
mice, thus representing potential autoantigens in both species. Notably, mice lack-
ing the DRB1*0401 transgene did not develop EAE after immunization with
either PLP 175-192 or MBP 87-106, indicating that a human MHC class II binding
site alone can confer susceptibility to an experimentally induced murine autoim-
mune disease.

Conclusions

A striking characteristic of autoimmune diseases is the increased frequency of
certain HLA class II alleles in affected individuals. Although there is much to
learn about the pathogenesis of autoimmunity, it is generally believed that dis-
ease-associated HLA class II molecules have the capacity to bind and present
autoantigenic peptides to T cells. A nearly global coverage of HLA-DR peptide
binding specificity, combined with newly emerging bioinformatic tools, have led
to effective ways of studying the role of disease-associated class II residues and to
the identification of peptides selective for disease-associated HLA molecules. The
detailed knowledge of HLA class II peptide interaction may therefore represent a
step forward in understanding autoimmune disease processes.
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Chapter 3

Assembly and Function of Immunoglobulins During B Cell
Development

R. SrT1A

A Cell Biologist's View of the Problem of Ig Production

In all multicellular organisms, individual cells must continuously exchange infor-
mation. In general, they do so by secreting ligand molecules into the extracellular
space, and expressing suitable receptors on their surfaces. The fidelity of intercel-
lular communication thus depends on the specificity of the interactions between
ligands and receptors, which is in turn determined by the three-dimensional
structure of the molecules involved. As many of these molecules are complex
oligomeric structures, correct execution of the folding and assembly pathways
becomes of paramount importance for the social life of all cells. It is therefore not
surprising that cells have evolved sophisticated quality control mechanisms to
ensure that the molecules they release into the external world have attained their
proper structure. Over the last decade, a vast series of investigations have been
conducted to dissect the molecular mechanisms underlying the quality control of
newly synthesized proteins destined for export. In the same manner that
immunoglobulin (Ig) genes have provided a rich source of information for mole-
cular biologists, the products of these genes, the antibodies, have become a
favorite model for studying the basic principles of protein synthesis, assembly
and secretion. This was largely due to the availability of powerful model systems,
such as cell hybridomas or transfectomas producing various forms and types of
immunoglobulins in large amounts.

The Endoplasmic Reticulum as the Folding Compartment for Proteins
Destined to the Extracellular Space

The three-dimensional structure of proteins is dictated by their amino acid
sequence [1]. Nonetheless, it has become clear that folding, assembly and
oligomerization are catalyzed in vivo by a family of conserved enzymes and
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“chaperone” molecules [2]. Proteins destined to the extracellular space begin their
journey through the cell in the endoplasmic reticulum (ER), where they are
translocated cotranslationally. A complex system based on the recognition of a
signal sequence (or leader peptide [3-5]) on nascent proteins ensures that ribo-
somes that are synthesizing secretory or membrane proteins arrest translation
until they dock to the cytosolic face of the ER membrane. Correct docking opens
a membrane translocation complex (the so-called translocon) and reactivates
polypeptide elongation [6, 7]. The nascent protein is somehow forced through the
translocon, emerging in the unfolded state within the ER lumen. Here, it finds a
series of devoted proteins that assist its folding and assembly as well as several
post-translational modifications such as glycosylation and disulfide bond forma-
tion (see [8, 9] for reviews). While proteins undergo structural maturation within
the ER, they are constantly being inspected by strict quality control mechanisms
[10] that somehow permit to exit the ER only those polypeptides or polypeptide
complexes that have completed their folding and assembly. Intermediates are
retained within the ER. It is possible that ER retention serves not only to prevent
the transport of immature molecules (an event that might be detrimental to inter-
cellular communication and other extracellular functions) but also to facilitate
their maturation. For instance, the rate of oligomerization might be increased if
retention increases the local concentration of individual subunits. Whatever its
teleology, there remains little doubt that selective retention is one of the key ele-
ments in the control of intracellular protein transport.

If the subunits of a heterodimeric protein are synthesized in equal amounts,
it may be expected that - given enough time - the proper dimers will be formed
and transported to the Golgi. However, unbalanced synthesis is very frequent
and results in the accumulation of the component made in excess. This might
create serious problems in living cells, should quality control mechanisms not be
tightly coupled to a proteolytic system. Studies on Igs and the T cell receptor
have been instrumental to reveal that the ER is equipped not only with folding
and retention machineries, but also with a selective protein degradation system,
independent from the endolysosomal one, which maintains homeostasis and
serves some physiological functions [11-13]. It has been recently shown that
cytosolic proteasomes are responsible for the degradation of many membrane
and secretory ER proteins [14-16]. This implies that proteins marked for degra-
dation are retrotranslocated across the ER membrane to be dispatched to the
cytosol where proteasomes reside. Unexpectedly, the same components that
mediate the entry of proteins into the ER (namely Sec61p) seem to be responsi-
ble for the retrograde translocation as well [17, 18], raising the question of what
determines vectoriality of transport across the ER membrane. Ubiquitination
[19] as well as proteasomes themselves [20] may act as pulling forces in mediat-
ing the extraction of proteins from the ER.
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Quality Control of Ig Production

All classes of antibodies share the basic H2L2 structure, and are produced in two
forms during B cell differentiation: as integral membrane proteins on the surface
of B lymphocytes where they act as antigen receptors, or as soluble effector mol-
ecules secreted by plasma cells. This dual topology of antibodies represented a
crucial problem for immunologists and cell biologists, until it was demonstrated
that membrane and secreted Igs contain different heavy (H) chains, produced by
alternate RNA processing. Heavy chains present in antigen receptors (Hm) have a
stretch of hydrophobic amino acids in their C-terminal end which act as a stop
transfer sequence allowing insertion into the lipid bilayer. In contrast, secreted H
chains (Hs) are endowed with carboxy-terminal hydrophilic peptides that allow
the complete translocation into the ER lumen, where folding and assembly take
place (see [21] and references therein).

Ig Assembly in B and Plasma Cells

The folding, assembly and polymerization pathways of newly synthesized Igs (see

[21-23] for extensive reviews) can be summarized as follows:

- Hand L chains are synthesized on distinct polysomes.

- Both H and L chains possess N-terminal leader sequences and are cotrans-
lationally translocated across the ER membrane.

- Folding begins cotranslationally and seems to occur independently for H and
L, proceeding vectorially from the amino terminus to the carboxy terminus.

~ With few important exceptions [24], folding precedes assembly.

- HL assembly and HH dimerization also initiate before translation is complet-
ed, and the sequence of these events depends on the isotype and on the size of
the L chain pool.

- Plasma cells generally produce L chains in excess (the Bence Jones protein in
myelomas).

- Free L chains can be secreted, while free H are retained and degraded intracel-
lularly.

- Polymerization of IgM and IgA is slow and restricted to plasmacytoid cells.

The Ig domain, a homology unit of about 110 amino acids composed of
antiparallel 8-sheets connected by loops, is the building block of antibodies and
of proteins of the Ig superfamily. The Ig domain has a strong tendency to dimer-
ize. This property is central in determining the quaternary structure of antibod-
ies, and implies that in general subunit folding precedes assembly.

Domain folding can be readily monitored by the formation of the conserved
disulfide bridge that links the two cysteines: this intradomain bond is formed as
soon as translation of the domain is completed. Vectorial folding is thought to be
important for preventing aberrant intrachain disulfide bond formation [25].
However, it has been shown that proper folding of L chains can occur also post-
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translationally [26]. Another feature of the rapid, cotranslational domain folding
could be preventing the retrograde movement of the growing chain from the ER
lumen into the cytosol [27]. Other post-translational modifications, such as gly-
cosylation and interactions with other proteins within the ER lumen, might be
crucial for tethering the newly made protein in this compartment [28].

Retention of Free H Chains

In the absence of L chains, H chains are not secreted. Myeloma variants which lose
H chains but still produce and secrete L chains are easily isolated. These variants
correspond to the frequent clinical finding of myelomas producing L chains in
vast excess (the Bence Jones proteins). In contrast, the isolation of cells that lose
L chain synthesis is a rare event, and often yields unstable clones which retain the
H chain intracellularly [29]. Myeloma patients with monoclonal peaks consisting
of free H chains are extremely rare: interestingly, the monoclonal H chains of
these “heavy chain disease” patients are characterized by extensive deletions,
which always encompass the CH1 domain [30]. The reason underlying this situa-
tion became clear when John Kearney and coworkers demonstrated that - in the
absence of L chains - the CH1 domain binds rather tightly to BiP, a chaperone
molecule related to hsp70 present in large quantities in the ER of all cells [31]. L
chains can displace BiP from H, to form stable HL complexes [32]. Therefore, BiP
seems to play a crucial role in Ig assembly, preventing the aggregation of free H
chains and facilitating their interactions with L [33].

Secretion of Free L Chains

The presence of Bence-Jones proteins in the blood and urine of myeloma patients
implies that free L chains can escape quality control to be secreted even in the
absence of H. This is largely due to the fact that - unlike the CH1 domain - the
two L domains can form homotypic dimers, attaining a conformation that nego-
tiates intracellular transport. Indeed, Bence Jones proteins are often L2 homo-
dimers, either covalent or non-covalent [21]. As homodimers are less stable than
HL pairs, allowing the secretion of free L chains seems to be an elegant solution
to optimize Ig assembly reducing the risks of intracellular accumulation. Plasma
cells synthesize L chains in excess: retention is sufficient to generate an ER pool
sufficient to complement all H chains, but weak enough to prevent engulfment
problems.

Normal L chains also transiently interact with BiP. However, the half-life of the
L-BiP complex is only a few minutes. In contrast, non-secreted L mutants interact
stably with BiP, until they dissociate to be degraded by the ER-associated degra-
dation pathway [34].
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Molecular Mechanisms of ER Retention and Quality Control

As to the mechanisms of retention, a unifying concept is that structurally imma-

ture proteins expose reactive surfaces or motifs which prevent their mobility

through the secretory pathway. The vast array of chaperones in the ER is thought
to provide an interactive matrix that coordinates attempts to fold with retention

(and eventually retrotranslocation to the cytosol for proteasomal degradation).

Folding and assembly mask reactive surfaces allowing exit from the ER. Three

molecular mechanisms of ER retention and quality control can be described:

(a) Hydrophobic surfaces. Hydrophobic patches reduce the diffusibility of
unassembled or unfolded proteins by favoring interactions with BiP and/or
other proteins of the ER matrix. A paradigm of this model is the retention of
Ig H chains in the absence of L chains.

(b) Thiol-mediated retention. Work on IgM and IgA, two polymeric immunoglob-
ulins that are secreted by plasma cells but retained and degraded by B lym-
phocytes, has allowed my colleagues and I to disclose another way - thiol-
mediated retention - by which the quality control machineries discriminate
between assembled molecules and unassembled precursors [35, 36]. In
oligomeric proteins stabilized by interchain disulfide bonds, unassembled
subunits are likely to expose reactive thiols. We have provided evidence sug-
gesting that a single thiol group can confer ER retention to a polypetide [37].
This model, originally described for polymeric immunoglobulins, has been
recently confirmed for other secretory [38], transmembrane [39] and gly-
cophosphatidylinositol (GPI)-anchored surface proteins [40]. Interestingly,
the strength of an unpaired cysteine as an ER retention element is modulat-
ed by its surrounding amino acid context: the vicinity of acidic residues
weakens retention and allows the secretion of some unpolymerized mole-
cules [36,41]. In monomeric Ig L chains secreted in the absence of H, Cys213,
normally utilized to form disulfide bonds with the CHI domain, remains
unpaired. In this case, transport to the Golgi seems to be negotiated by oxi-
dation of Cys213, through the formation of a disulfide bond with a free cys-
teine residue [41].

Not only is thiol-mediated retention regulated at the level of substrate; cel-
lular factors are also involved. Thus, B cells do not secrete IgM because they
are incapable of forming covalent polymers, and as a result thiol-mediated
retention via the p-chain Cys575 predominates. In contrast, IgM are poly-
merized and secreted by plasma cells [35]. However, B cells do not seem to
lack any structural components for polymerization [42], as secretion of cova-
lent hexamers (the molecular form of IgM secreted by cells that - like B lym-
phocytes - lack J chains [43, 44]) can be induced by transient alterations of
the intracellular redox state. It is possible that redox regulation of protein
transport takes place for a wide class of molecules, particularly those con-
taining a cysteine-rich motif [45, 46].

(c) The calnexin cycle. Many secretory and membrane proteins contain N-linked
sugars. In addition to their role in conferring stability and solubility to the
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polypeptide backbones, these glycans serve a major function in quality con-
trol as well. Thus, it has been shown that calnexin and calreticulin, two abun-
dant ER-resident proteins, bind monoglucosylated proteins: these are tran-
sient intermediates in the normal glycan trimming reactions in the ER [47].
Interestingly, there is an enzymatic activity that selectively adds glucose moi-
eties to unfolded, but not to properly folded glycoproteins [48]. These cycles
of glucose removal and readditions can serve as a timer to maintain folding
and assembly intermediates in the optimal environment for their maturation,
preventing premature degradation and secretion.

Retention and Allelic Exclusion: Signalling from the ER?

Since the rearrangement of the Ig H locus precedes that at the Ig L locus, pro-B
and pre-B cells synthesize H chains in the absence of L. In agreement with the
laws of quality control, pro-B and pre-B cells largely retain H chains intracellu-
larly, even if assembled with the so-called surrogate L chains (SLC). SLC are
monomorphic molecules composed of the products of two genes: VpreB and A5
[49]. The former resembles a VL domain and associates with the latter (struc-
turally homologous to a CL domain) to produce a structure that mimicks L
chains. The SLC can pair with g chains (mainly of the membrane form, ym) to
form a pre-B cell receptor (PBCR). Ample genetic evidence indicates that the
PBCR is crucial for allelic exclusion (blocking further rearrangements at the Ig
H locus and concomitantly activating the rearrangement of the K and A loci).
Similarly to that described for the mature B cell receptors, signals generated by
the PBCR depend on Ig-o. and Ig-B, two transmembrane molecules endowed
with tyrosine motifs [50, 51].

The SLC can be viewed as a means to select productive rearrangements. Only
if capable to interact with SLC would newly rearranged pm chains dispatch the
proper signals, allowing progression of the rearrangement programs. However,
only minute amounts of the PBCR are expressed on the cell surface, as most of
them are retained and degraded in the ER [52]. In addition, despite the efforts of
many laboratories, ligands for PBCRs have not yet been identified. Such a ligand
should be able to recognize all PBCRs, independently from the nature of the VH
domain generated by VD] recombination. The question arises as to whether sig-
nals are generated by PBCRs at the cell surface or, alternatively, by ER-retained
receptors. As a similar series of ordered rearrangements occurs in T lymphocytes,
intracellular activation of pre-T cell receptors could be important for T cell devel-
opment as well. However, Mike Owen and coworkers have recently obtained evi-
dence indicating that pre-T cell receptors must exit the ER to generate the signals
necessary for developmental progression [53].

There is ample evidence indicating that signals can indeed originate from the
ER. For instance, a number of mutated tyrosine kinase membrane receptors
(including the Ret and Ron protooncogenes) seem to generate signals in the
absence of ligands even if the mutation causes retention in the ER (see [39] and
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references therein). In addition, cells respond to the accumulation of unfolded or
misfolded proteins in the ER by increasing the transcription of a set of genes
encoding ER chaperones, enzymes and membrane proteins [54]. In yeast, the
presence of unfolded proteins is sensed by the product of the Irel gene, a kinase
exclusively localized in the ER. Recently, Irelp homologs have been identified in
mammalian cells; signals originating from Irelp are important for stress respons-
es, and can also induce cell death [55].

It is therefore tempting to speculate that association with SLC stabilizes newly
generated pm chains in the ER, preventing their rapid degradation. The increase
in the pool of intracellular molecules might facilitate interactions with Ig-a and
Ig-B and generate the required signals. This model could help explaining the find-
ings of Rajewsky and coworkers [56] who showed that B cell receptor (BCR)
expression is necessary for B cell survival, in the absence of antigen [57]. During
the process of assembly, collisions among receptors may be favored in the ER, and
perhaps stabilized by the formation of reversible intermolecular disulfide bonds
[41, 42]. These transient interactions might generate the low-level signalling that
is necessary for survival. In contrast, antigen-mediated cross-linking of BCRs at
the cell surface would lead to full-fledged signalling followed by activation.
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Chapter 4

Pathogenetic Mechanisms of Autoimmunity

L. ADORINI

Introduction

The function of the immune system is to preserve the biological identity of the
individual (self). This requires the capacity to distinguish self from nonself, a dis-
crimination primarily carried out by CD4+* T cells which have evolved to a sophis-
ticated level of complexity in higher vertebrates. The basic strategy has been to
generate a vast repertoire of antigen-specific receptors, distribute them clonally
in different lymphocytes, and then eliminate cells capable of recognizing self anti-
gens. This strategy at the same time renders possible the differentiation of lym-
phocytes potentially capable of recognizing nonself antigens. However complex
the mechanisms utilized, self-nonself discrimination is teleologically simple: it
positively selects T cells potentially capable of recognizing nonself while elimi-
nating, physically or functionally, those responding to self-antigens.

The primary site for self-nonself discrimination is within the thymus, where
the T cell repertoire is shaped by rescuing thymocytes from programmed cell
death (positive selection) and by deleting cells expressing T cell receptors (TCR)
with high affinity for self (negative selection). Both positive and negative selec-
tion of developing T cells occur via TCR-mediated recognition of complexes
between self-peptides and self-MHC molecules. Positive selection is probably
promoted by low avidity interactions, whereas negative selection depends on rel-
atively high avidity interactions with specific self-ligands. Although presentation
of self-peptides in sufficient amounts leads to deletion of developing T cells, the
mechanism of negative selection is not absolute, as demonstrated by the presence
of peripheral T cells capable of responding to self-antigens. In fact, negative
thymic selection cannot occur for antigens expressed only on extra-thymic tis-
sues, nor for those available at concentrations too low to be effectively presented
by thymic antigen-presenting cells (APC). In these cases, autoreactive T cells can
be exported to the periphery and peripheral tolerance mechanisms must exist to
control their reactivity.

Tolerance to self is learned during development, rather than being genetically
programmed. The structure of an antigenic molecule does not determine its
capacity to be recognized as self or nonself. Key factors in self-nonself discrimi-
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nation include the time when lymphocytes are first confronted with antigenic
epitopes, the site of the encounter, the nature of the cells presenting the antigenic
epitopes, and the expression of costimulatory molecules by these cells. Since the
control of self-nonself discrimination is so critical, the variety of strategies uti-
lized by the immune system to induce and maintain tolerance is perhaps not sur-
prising. Tolerance is truly redundant, and deletional and non-deletional mecha-
nisms operate both in central and in peripheral lymphoid organs. Following cen-
tral clonal deletion, whereby thymocytes expressing TCR specific for complexes
of self-antigens and MHC molecules are physically eliminated by programmed
cell death, T cells specific for antigens not expressed on thymic APC are exported
to the periphery. It is now clear that several post-thymic mechanisms contribute
to the induction and maintenance of tolerance in mature, peripheral T lympho-
cytes. The failure of self-tolerance can result in autoimmune diseases.

Autoimmune diseases can be quite diverse, but some characteristics are
remarkably preserved: (1) association of disease with particular MHC alleles, (2)
multifactorial origin, (3) polygenic control of susceptibility, and (4) chronic
course, characterized by remission and relapse. This last feature suggests a bal-
ance between positive and negative regulatory factors which control susceptibili-
ty and progression of disease.

Th1 and Th2 Cells

Over ten years have passed since the original description of two subsets of differ-
entiated CD4* T lymphocytes in the mouse, T helper 1 (Th1) and Th2 cells [1]. This
subdivision was initially met with some skepticism because it did not seem to hold
true in man. Further analysis of T cell clones from allergic patients clearly defined
antigen-specific Th1 and Th2 cells also in humans [2] and, dispelling doubts [3],
the Th1/Th2 paradigm rapidly became a key concept in immunoregulation.

The subdivision of both mouse and human CD4" as well as CD8* [4] T cells
into three major subsets, Th1, Th2, and Tho, is based on their pattern of cytokine
production. Th1 cells are characterized by secretion of interferon-y (IFN-y), inter-
leukin (IL)-2, and tumor necrosis factor beta (TNF-f), and they promote cell-
mediated immunity able to eliminate intracellular pathogens. Conversely, Th2
cells selectively produce IL-4 and IL-5, and are involved in the development of
humoral immunity protecting against extracellular pathogens. ThO cells, which
could either represent precursors of Th1/Th2 cells or a terminally differentiated
subset, are not restricted in their lymphokine production. The development of
Th1 and Th2 cells is influenced by several factors, but three are most important:
ligand-T cell receptor (TCR) interactions, genetic polymorphism and cytokines
(Table 1). Among the cytokines, decisive roles are played by IL-12 and IL-4, guid-
ing T cell responses towards the Th1 or Th2 phenotype, respectively [5, 6].

It is clear that polarized Thl and Th2 cells represent extremes in a spectrum.
Within this spectrum, discrete subsets of differentiated T cell secreting a mixture
of Th1 and Th2 cytokines may exist, for example mouse T cells secreting IFN-y
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Table 1. Factors affecting Th1/Th2 development

Cytokines (IL-4,1L-10, IL-12, IL-18, IFN-y)
Avidity of MHC-peptide/TCR interaction
APC type
Mode of antigen administration
Dose of antigen
Affinity of peptide-MHC binding
Costimulation
Genetic background

APC, antigen-presenting cell; TCR, T cell receptor.

and IL-10 [7]. Differentiated CD4" cells characterized by unique cytokine secre-
tion, such as Trl cells, have also been described. Trl cells produce high levels of
IL-10, low levels of IL-2 and IFN-y and no IL-4, and are able to suppress antigen-
specific T cell responses [8]. It has been suggested that the polarization of the
immune response may be achieved by altering the probabilities of IFN-y, IL-4 and
other cytokine gene expression at the population level, rather than by selective
expansion of distinct T cell subsets [9, 10]. However, molecular mechanisms to
explain the polarization of Th1l and Th2 subsets, based on the differential expres-
sion of the receptors for IFN-y and IL-12, do exist. The ability of IFN-y to inhibit
the proliferation of Th2 but not of Th1 cells may be related to the lack of IFN-yR
B-chain expression in Th1 cells [11]. However, IFN-yR B-chain loss also occurs in
IFN-y-treated Th2 cells, and therefore does not appear to represent a Th1 cell-spe-
cific differentiation event [12]. Conversely, developmental commitment to the Th2
lineage results from rapid loss of IL-12 signaling in Th2 cells [13]. The inability of
Th2 cells to respond to IL-12 appears to be due to selective downregulation of IL-
12R P2-subunit [14, 15]. Inhibition of Th1 and induction of Th2 in vivo is also
related to downregulation of the IL-12R 2-subunit expression [16]. These find-
ings are therefore consistent with a general model in which selective modulation
of IL-12 signaling plays an important role in the acquisition of polarized Th cell
phenotypes (Fig. 1).

The strength of peptide/class II-TCR interactions, which depends on the over-
all avidity of antigen-presenting cell (APC)-T cell interactions, also controls the
profile of cytokine secretion by T cells. As demonstrated by using different anti-
gen doses in vitro and in vivo as well as by altered peptide ligands, lower avidity
interactions appear to favor Th2 cell development [17]. The reciprocal regulation
between Th cell subsets is another driving force polarizing CD4* T cells into dif-
ferentiated Th1 or Th2 cells. IL-12 promotes the development of Th1 cells [18-20]
and inhibits IL-4-induced IgE synthesis [21]. IFN-y amplifies the IL-12-dependent
development of Th1 cells [22] and inhibits Th2 cell proliferation [23]. Conversely,
IL-4 and IL-10 inhibit lymphokine production by Th1 clones [24]. In addition, IL-
10 [25],IL-4 and IL-13 [26] suppress the development of Th1 cells through down-
regulation of IL-12 production by monocytes (Fig. 1).
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Fig. 1. Role of IL-12 in the regulation of th1/Th2 cell development. Activation of naive T
cells throuh triggering of the antigen receptor is sufficient for the initial expression of
functional IL-12 receptors. Depending on the cytokines present in the microenvironment,
T cells will progressively develop into IL-12-responsive Thl or IL-12-non-responsive Th2
cells. IL-12 and IL-4 act through Stat4 and Stat6, respectively, to deliver specific differenti-
ation signals. Due to loss of IL-12RB2 chain expression, Th2 cells extinguish IL-12 respon-
siveness. The principal sources of IL-12 are activated macrophages and dendritic cells,
whereas IL-4 is initially produced by antigen-stimulated CD4" T cells and CD4"NK1.1*-
type T cells. IL-4 produced by mast cells and basophils may also contribute to Th2 cell
development

Th1 and Th2 Cells in Autoimmune Diseases

Thl cells are considered to be involved in the induction of experimental autoim-
mune diseases [27-30]. Evidence for this is based on adoptive transfer experi-
ments demonstrating that CD4* cells producing Thl-type lymphokines can
transfer disease, both in experimental allergic encephalomyelitis (EAE) [31] and
in insulin-dependent diabetes mellitus (IDDM) [32-34] models. However,
cytokine regulation is complex, for example TNF-a and IL-10 have opposite
effects on IDDM depending on the developmental stage of the immune system
[35,36]. This could also explain why, in some cases, beta cell destruction in IDDM
has been associated with Th2 rather than Th1 cells [37, 38].

The reciprocal regulation between T cell subsets predicts a role for Th2 cells in
inhibition of autoimmune diseases. Evidence for this is provided by the reduced
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IDDM incidence following IL-4 [39] or IL-10 [40] administration to nonobese
diabetic (NOD) mice. A role for Th2 cells regulating the onset of IDDM is also
suggested by their capacity to inhibit the spontaneous onset of diabetes in rats
[41] and by the correlation between protection from IDDM and IL-4 production
in double-transgenic mice on BALB/c background [42]. Furthermore, adminis-
tration of IL-4 to mice with EAE ameliorates the disease [43], and in a model of
streptococcal cell-wall induced arthritis it suppresses the chronic destructive
phase [44]. Regulatory T cells that suppress the development of EAE produce Th2-
type cytokines [45], and recovery from EAE is associated with increased Th2
cytokines in the central nervous system (CNS) [46]. These findings suggest that
activation of Th2 cells may prevent EAE.

To study the role of Thl and Th2 cells in IDDM, my colleagues and I targeted
endogenous IL-12 in NOD mice by administration of the IL-12 antagonist (p40),
[47]. Administration of (p40), from 3 weeks of age, before the onset of insulitis,
resulted in the deviation of pancreas-infiltrating CD4* but not CD8* cells to the
type 2 phenotype as well as in the reduction of spontaneous and cyclophos-
phamide-accelerated IDDM. After treating NOD mice with (p40), from 9 weeks of
age, when insulitis is well established, few Th2 and a reduced percentage of Thl
cells were found in the pancreas. This was associated with a slightly decreased
incidence of spontaneous IDDM but, at variance with another report [48], no pro-
tection from cyclophosphamide-accelerated IDDM. (p40), can inhibit in vitro the
default Th1 development of naive TCR transgenic CD4* cells to the Th2 pathway
but does not modify the cytokine profile of polarized Thl cells, although it pre-
vents further recruitment of CD4" cells into the Th1 subset. When polarized Thl
cells infiltrate the pancreas, targeting endogenous IL-12 has a marginal effect on
IDDM incidence. This implies that inhibition of IL-12 may not inhibit pathogen-
ic differentiated Th1 cells in chronic progressive diseases such as IDDM, whereas
it could be beneficial in remitting/relapsing diseases such as EAE or some forms
of multiple sclerosis (MS). In conclusion, the immune deviation to Th2 is maxi-
mal when IL-12 is targeted before the onset of insulitis, and is associated with
protection from IDDM.

Collectively, these results indicate that the extent of immune deviation to Th2
is related to the degree of protection from IDDM, as predicted from the Th1/Th2
paradigm. However, they do not reveal whether Th2 cells are directly responsible
for protection from IDDM or whether the immune deviation away from Th1 in
itself accounts for the decreased IDDM incidence.

When injected into neonatal NOD mice, Th2 cells transgenic for a TCR
derived from a clone able to transfer IDDM invaded the islets but did not pro-
voke disease neither did they provide substantial protection [34]. Similar results
were also obtained by adoptive transfer of non-transgenic Thl and Th2 cell lines
into neonatal mice [49]. Therefore, these data do not support the concept that
Th2 cells afford protection from IDDM at least in the effector phase of the dis-
ease. Rather, they are in accord with the observation that transgenic expression
by islet cells of IL-10 [36, 50], an inhibitory lymphokine of Th1 cells, actually pro-
motes insulitis and IDDM, instead of inhibiting them. Collectively, these results
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Table 2. Autoimmune diseases mediated by Th1 cells

Rheumatoid arthritis

Insulin-dependent diabetes mellitus

Experimental allergic encephalomyelitis/Multiple sclerosis
Autoimmune thyroiditis

Inflammatory bowel disease

Uveoretinitis

Myasthenia gravis

point to a critical role of Thl cells in the induction of autoimmune diseases,
whereas the influence of Th2 cells is still unclear.

Th1 cells also appear to be involved in human organ-specific autoimmune dis-
eases. CD4" T cell clones isolated from lymphocytic infiltrates of Hashimoto’s thy-
roiditis or Graves’ disease exhibit a clear-cut Thl phenotype [51]. In addition,
most T cell clones derived from peripheral blood or cerebrospinal fluid of multi-
ple sclerosis patients show a Th1 lymphokine profile [52].

Involvement of Thl cells has also been suggested in other human autoimmune
diseases. Insulitis in IDDM patients has been shown to comprise a large number
of IFN-y-producing lymphocytes [53]. T cell clones derived from the synovial
membrane of rheumatoid arthritis (RA) patients also display a Th1 phenotype as
they produce, upon activation, large amounts of IFN-y and no or very little IL-4
[54]. Another study has shown that most CD4* and CD8* clones recovered from
synovial fluid of RA patients display a Th1 phenotype [55]. Interestingly, in situ
hybridization for T cell cytokine expression demonstrates a Thl-like pattern in
most synovial samples from RA patients, whereas samples from patients with
reactive arthritis, a disorder with similar synovial pathology but driven by per-
sisting exogenous antigen, express a ThO phenotype [56].

The situation is less clear in most systemic autoimmune disorders. In general,
heterogeneous cytokine profiles are found in the serum or target organs of
patients with systemic autoimmunity, such as systemic lupus, Sjogren’s syndrome,
and primary vasculitis [57]. A list of autoimmune diseases mediated by Th1 cells
is shown in Table 2.

Prospects for Treatment of Human Autoimmune Diseases

The considerable interest raised by cytokine-based immunotherapy is already
being applied to clinical settings, and particularly in RA patients [58].
Manipulation of the Th1/Th2 balance in RA patients by oral administration of
type II collagen has been attempted but preliminary results [58] indicate some
benefit only at the lowest dose tested. As the understanding of Th1/Th2 regulation
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in human autoimmune diseases broadens, we will certainly witness the application
of more articulate strategies able to selectively target cytokine production by Th1l
or Th2 cells or to modify the Th1/Th2 balance in clinical situations.

At present, consistent results from clinical trials have reported targeting the
proinflammatory cytokines IL-1 and TNF-a in RA patients, and results of TNF-
a-directed therapies are particularly promising. Animal studies have clearly
documented the important role of TNF-a in RA. Mice transgenic for the human
TNF-a gene produce high levels of this cytokine and develop arthritis beginning
at 4 weeks of age [59]. The disease is mediated by the transgenic molecule, as
demonstrated by prevention of arthritis following administration of monoclon-
al antibodies to human TNF-a. In addition, in a model of type II collagen-
induced arthritis, administration of anti-mouse TNF-a - even after disease onset
- significantly reduced inflammation and tissue destruction [60].

Based on these results, chimeric anti-TNF-a monoclonal antibody was
administered to RA patients [61]. Treatment with anti-TNF-a was safe and well-
tolerated, and led to significant clinical and laboratory improvements. After the
first administration of anti-TNF-a antibody, remissions lasted, on the average,
about three months, but reinjection of the antibody induced a significant anti-
globulin response in most patients, reducing considerably the efficacy of the
treatment. An alternative approach, using the soluble TNF receptor p55 chain
fused to the constant region of human IgG1 heavy chain (sTNFR-IgG1), has been
demonstrated to be about 10-fold more effective than anti-TNF-a antibody at
neutralizing the activity of endogenous TNF, as assessed in a model of listeriosis
[62] or in chronic relapsing EAE [63]. This fusion protein appears to achieve the
same clinical effects as anti-TNF-a antibody administration without strong
induction of neutralizing antibodies.

Even if clinical results of anti-TNF-a therapy in RA patients are promising, the
role of TNF-a in IDDM models is still puzzling. The fact that anti-TNF-a anti-
body treatment initiated before 3 weeks of age prevents insulitis and IDDM clear-
ly suggests that TNF-a may be an essential mediator for the generation or activa-
tion of autoreactive lymphocytes [35]. Intriguingly, administration of TNF-a to
adult NOD mice also prevented IDDM, but the mechanism is still unclear [35].
TNF-a appears to have distinct effect on the diabetogenic process depending
upon the developmental stage of the immune system and of the target organ, per-
haps in a manner analogous to IL-10.

These results stress the importance of the time window of cytokine or anti-
cytokine treatment to obtain the desired effect. If this concept cannot be translat-
ed to clinical practice, conditions to recreate a situation favoring the protective
effects of the anti-cytokine treatment should be optimized. Besides the time win-
dow, another important factor to be taken into consideration is the non-MHC-
linked polymorphism controlling Thl and Th2 cell induction [42, 64, 65].
However, soluble antigen administration inhibits Thl cell development in any
mouse strain tested [66], indicating that this approach may be effective at the
population level.
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Table 3. Targeting Th1 cells

Cytokine-based approaches

Inhibition of IL-12 and/or IFN-y
Anti-cytokine mAb or cytokine antagonists
Anti-cytokine receptor mAb
Soluble cytokine receptors
Inhibitors of cytokine production

Administration of IL-4 and/or IL-10

Autoantigen-based approaches

Direct
Systemic administration of soluble autoantigen

Indirect (induction of Th2 cells/diversion away from Th1 cells)
Oral administration or inhalation of autoantigen
Presentation of autoantigen by B cells
Administration of peptide analogues of autoantigen
Administration of autoantigen together with antagonists or inhibitors of IL-12
Administration of autoantigen together with IL-4

mAb, monoclonal antibody.

Conclusions

The results reviewed highlight the critical role of Th1 cells in the induction of sev-
eral organ-specific autoimmune diseases and suggest a possible influence of Th2
cells in controlling, directly or indirectly, disease induction or progression. The
efficacy of cytokine-specific treatments in chronic inflammatory disease states
raises hopes for immunosuppressive strategies selectively targeting Th1- or Th2-
type T cells. In particular, antagonists of IL-12 and inducers of IL-4 or IL-10 offer
the possibility to selectively manipulate Thl and Th2 cell induction, with poten-
tial for the treatment of autoimmune diseases (Table 3).
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Chapter 5

Adhesion Receptors Involved in Leukocyte Functions

E. BiaNcHI!, M. FaBBR1', R. PArDI"?

Introduction

Leukocytes are the only nucleated somatic cells that spend a significant portion
of their life span displaying a nonadherent, circulating phenotype, being trans-
ported by the bloodstream and interstitial fluids towards their sites of action.
However, most effector functions of leukocytes depend on and are induced by
firm adhesion to other cells or to the extracellular matrix. A logical explanation
for this apparent paradox is that while most functional responses of immuno-
competent cells are triggered by intimate contacts with other cells, the effective
search for potentially harmful environmental agents in a multicellular organism
(i.e. immune surveillance) requires continuous patrolling of the body across
anatomical barriers. Leukocytes have evolved a highly dynamic and finely regu-
lated adhesive behaviour in order to comply with these contrasting requirements.

To accomplish functions requiring such high motility, leukocytes are equipped
with a vast array of membrane receptors capable of mediating fluid shear-resis-
tant and mechanical stress-resistant adhesion. Among the expressed receptors are
members of the integrin and immunoglobulin superfamilies, CD44 and the
selectins. Interestingly, most of these receptors are constantly engaged by their
ligands, thus mediating constitutive adhesion, when expressed in differentiated
cells other than leukocytes. This suggests that intracellular mechanisms have
uniquely evolved in cells of the immune system to maintain adhesion receptors in
a “switched off” configuration during their transit in the bloodstream and extra-
cellular fluids. Recent studies have begun to shed light on the molecular mecha-
nisms that are responsible for such a dynamic behaviour of leukocyte adhesion
receptors [1, 2].

Selectin-Mediated Adhesion

Transient adhesion, or tethering, and rolling of leukocytes along the endoluminal
sides of capillaries is mediated by selectins [3]. These are receptors containing a
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calcium-dependent (C-type) lectin domain that allows them to interact with com-
plex carbohydrates on apposing plasma membranes. The intrinsic affinity of
selectins for their ligands is rather low (K,=100 nM) but the on-off rates of the
binding are extremely fast [4, 5]. The resulting interactions with ligands are tran-
sient and insufficient to promote firm cell-cell adhesion. In essence, leukocytes
“stumble” across complex carbohydrates expressed on the surface of endothelial
cells when they marginate from the center of a blood vessel towards the vessel
wall, where the relative flow rate is lower. Besides the intrinsically controlled
nature of selectin-mediated adhesion, the recently characterized, activation-
dependent proteolytic cleavage of the extracellular domain of L-selectin [6] pro-
vides an additional level of regulation: once activated, leukocytes shed their mem-
brane-expressed selectins and become transiently incompetent to recognize
selectin ligands. Since activation is a prerequisite for the onset of integrin-medi-
ated adhesion (see next paragraph), it is possible that selectins and integrins
alternate their functions in a finely regulated temporal sequence. This allows the
vectorial progression of leukocytes from the bloodstream into peripheral or lym-
phoid tissues.

Integrin-Mediated Adhesion

Firm intercellular or cell-matrix adhesion of leukocytes is largely mediated by
integrins of the B, and B, subfamilies, the latter being selectively expressed by
cells of lymphoid and myeloid origin. Inherited defects in B, integrin expression
lead to a severe form of immunodeficiency, the leukocyte adhesion deficiency
syndrome (LAD). The instrumental role played by these receptors in maintaining
the functional integrity of the immune system is clearly demostrated by their
association with LAD [7]. As stated previously, integrins expressed by circulating
cells such as leukocytes or platelets, whether they belong to the ,, B, or §, sub-
families, are incompetent to engage specific ligands unless activation signals are
delivered to the expressing cell [8-11]. The ill-defined allosteric transition of inte-
grins from a low avidity to a high avidity state for the ligand has originally been
described as an activation-dependent process in the platelet integrin oII/f, [12,
13], and subsequently demonstrated for other members of the integrin family,
including B, integrins [8, 14] and f, integrins expressed by mature lymphocytes
[15, 16]. A recent, detailed analysis of the relative affinity of aL/B, (LFA-1) for its
ligand ICAM-1 in soluble form indicated that a fraction of surface LFA-1 mole-
cules converts from a low, baseline affinity (K,= 100 pM) to a state with a 200-fold
higher affinity in activated T lymphocytes [17].

The prototypic stimulus for T cell adhesion is represented by the recognition
of antigen in a cell-bound form. On the other hand chemokines, the chemotactic
cytokines, are likely candidates for being the most relevant physiologic activators
of antigen-independent leukocyte adhesion [18]. Chemoattractant receptors are
seven transmembrane domain molecules homologous to trimeric G protein cou-
pled receptors [19]. As such, upon ligand binding, they catalyze the exchange of
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GDP for GTP by the G, protein alpha subunit, resulting in dissociation of the beta
and gamma subunits and activation of a number of second messenger pathways,
including those implicated in integrin function upregulation [20, 21]. A step-wise
model for leukocyte transmigration across anatomical barriers such as the vas-
cular endothelium has recently been proposed [22]. The model combines detailed
knowledge of the kinetics and requirements for selectin-mediated and integrin-
mediated cell adhesion.

Several molecular events, whose causal relationships and temporal sequence
are as yet poorly defined, parallel the energy-dependent conversion of inactive
leukocyte integrins to a ligand-binding conformation, downstream from the acti-
vating stimulus. These include protein kinase-C activation and translocation [23,
24], phosphorylation on serine residues of both subunits of the heterodimer [25,
26] and acquisition of neo-epitopes by the extracellular domains of the o and f
subunits [27-31]. In addition, energy-independent avidity shifts in integrins have
been shown to occur as a consequence of changes in extracellular divalent cation
concentration [28, 32], release of small unsaturated lipids by activated cells [33],
or treatment with selected anti-o or anti-p subunit monoclonal antibodies that
“lock” the molecule in an activated state [29, 31, 34]. The activated state of leuko-
cyte or platelet integrins is clearly accompanied by a conformational change
(allosteric transition) in the extracellular domains of the heterodimer, as defined
by the acquisition of neo-epitopes which are characteristic of the ligand-binding
conformation of the receptor [27, 30, 31, 35]. Additionally, reversible association
of the adhesion receptor to the actin-based cytoskeleton, likely to be mediated by
a complex of peripheral proteins which includes talin, a-actinin and vinculin, has
been shown by our group [24] and by others [36-38] to parallel the activation-
induced avidity shift of leukocyte and platelet integrins.

Two models can be proposed to causally relate these phenomena. One model
predicts that cell activation directly promotes a conformational change in the
receptor, followed by ligand recognition, receptor clustering, and cytoskeletal
reorganization. Alternatively, it can be postulated that activation-induced physi-
cal association of the receptor to cytoskeletal elements precedes, and possibly
promotes, conformational changes in ligand binding sites located in the recep-
tor’s extracellular domains, with subsequent engagement of the ligand.
According to this model, receptor clustering could lead to accumulation of G-
actin-binding proteins (such as a-actinin) underneath the plasma membrane at
the site of ligand engagement, followed by a focal burst of ATP-dependent actin
polymerization originating within the cluster of ligand-bound receptors. This
would parallel the phenotypic conversion of leukocytes from a nonadherent to
an adherent state. Several independent lines of evidence favour the latter model,
and suggest the occurrence of ligand-independent sorting of integrins to spe-
cialized sub-domains of the plasma membrane [39], where they complex to
cytoskeletal proteins in constitutively adherent cells. This was elegantly shown
for B, and B, integrins by the construction of chimaeric proteins with unrelated
extracellular domains, fused to integrin transmembrane and cytoplasmic
domains [40].
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In circulating cells such as T lymphocytes, in which adhesion receptors are
normally disconnected from the cell cytoskeleton, we demonstrated that trigger-
ing via multiple activation receptors was sufficient to promote physical associa-
tion of a fraction of surface LFA-1 to the actin-based cytoskeleton, in the absence
of ligand engagement by the adhesion receptor [24]. A recent study by Tominaga
et al. [41] demonstrated that phorbol ester-induced activation of LFA-1 could be
abrogated by selectively inhibiting the activity of rhoA, a ras-like GTP-binding
protein involved in growth factor-promoted cytoskeletal organization. Finally, a-
actinin from activated but not resting polymorphonuclear cell extracts was
shown by Pavalko and LaRoche [42] to interact with a peptide corresponding to
the B, integrin cytoplasmic domain. Collectively, these findings indicate that
cytoskeletal rearrangement, and ordered plasma membrane-cytoskeletal connec-
tions [43], lie upstream of the engagement of specific ligands by adhesion recep-
tors such as integrins, and that some of these mechanisms are constitutively oper-
ating in adherent cells like fibroblasts, while requiring triggering by external
stimuli in circulating cells such as leukocytes and platelets.

The dynamic organization of the cytoskeleton plays an instrumental role in
determining the onset, overall strength, and persistence of cell adhesion.
Cytoskeletal proteins form a multimolecular chain underneath the plasma mem-
brane that connects structures exposed to the cell exterior to microfilaments,
microtubules or intermediate filaments with high plasticity. To mediate efficient
cell adhesion, spreading and locomotion, an integral membrane protein must
interact, in a constitutive or regulated fashion, with cytoskeletal components.
Integrins are the prototype of membrane receptors endowed with the ability to
interact with the cell cytoskeleton. Defined regions in their cytoplasmic domains
physically associate with one or more components of the cytoskeletal network,
including a-actinin, talin and, possibly, vinculin [44-46]. These proteins in turn
mediate the association of the adhesion receptor to actin and control the kinetics
of assembly and the qualitatative aspects (enlongation, severing and branching)
of ATP-dependent actin polymerization. Pharmacological inhibition of cytoskele-
tal rearrangement completely abrogates leukocyte adhesion and locomotion
mediated by integrin receptors [47].

In addition to its structural contribution to cell adhesion, the cytoskeleton pro-
vides a framework whereby signalling molecules come into close association with
their effectors underneath the plasma membrane. Within specialized areas of
tight membrane-substrate interaction, there is recruitment of regulatory proteins
such as kinases (pp60°, pp125™¥, pp58%", PKC, MAPK), proteolytic enzymes (cal-
pain II), trimeric or low molecular weight GTP-binding proteins, and a number of
phosphoproteins whose functional role, i.e. structural versus regulatory, has yet to
be established [48]. The common feature shared by the aforementioned molecu-
lar intermediates of transmembrane signalling is their ability to permanently or
transiently associate with the cytoskeleton. The organization of multiple
cytoskeletal components at discrete sites of the plasma membrane where cell-cell
or cell-matrix adhesion take place is therefore one of the clues to understanding
the role of adhesion receptors in signal transduction.



42 E. Bianchi et al.

Transendothelial Migration of Leukocytes

How and where do leukocytes traverse the endothelium under physiologic condi-
tions? Most evidence indicates that leukocyte transmigration takes place at the
endothelial cell (EC) junction. As cell migration does not occur without adhesion,
it is important to know which receptor-ligand interactions support leukocyte-EC
adhesion at the junctional level. In principle, adjacent ECs loosening their inter-
cellular contact could expose subendothelial matrix to direct recognition by
leukocyte 3, and B, integrins. However, this seems unlikely to occur under phys-
iological conditions, given the catastrophic consequences that such exposure
would have on the activation of intravascular cascades of prothrombotic and pro-
coagulant mediators. A more likely possibility is that EC junctional molecules are
engaged in the transmigration process, allowing gradual and transient loosening
of junctions with minimal leakage of the EC barrier. Indeed, only a small and
transient leakage of solutes can be demonstrated at perivascular sites where
leukocyte transmigration takes place [49].

Some of the candidate molecules expressed by ECs that could support leuko-
cyte migration, such as the ICAMs and vascular cell adhesion molecule-1
(VCAM-1), are involved in supporting firm adhesion to the luminal aspect of ECs.
Other molecules (CD31 and cadherins) are particularly attractive candidates
because of their constitutive junctional distribution. Most of these molecules,
independently of their polarized distribution, have been shown to support acti-
vation-dependent rather than spontaneous adhesion of leukocytes; this is an
essential requirement for a process involving tightly regulated adhesion and de-
adhesion steps [50].

On the basis of several independent reports [51], it can be hypothesized that
junctional molecules (e.g. CD31 and cadherins) promote haptotactic (i.e. along a
gradient of solid-phase-bound molecules) migration of leukocytes in the absence
of a chemotactic gradient at the junctional level. Concomitantly, more diffusely
distributed ligands might support vectorial migration driven by a junctional
chemotactic gradient established in the subendothelial space. Evidence support-
ing this hypothesis comes from the observation that mutant CD31 molecules dis-
playing a diffuse apical, rather than junctional, distribution support homophilic
adhesion of leukocytes but lose the ability to promote their transmigration,
unless a chemotactic gradient is established in the subendothelial space [49].
CD31-mediated migration may be regulated through an activation-dependent
change in the affinity of the leukocyte-expressed molecule, which would displace
existing homophilic interactions at the EC junctional level. This would provide a
fail-safe mechanism in which the leukocyte proceeds through a “molecular zip-
per” made of CD31 molecules on apposing ECs. Further progression of leuko-
cytes through the EC junction towards the subendothelial matrix could be effect-
ed by CD31-mediated transactivation of 8, integrin-dependent adhesion, in what
has been defined as an “adhesion cascade” [52].

While EC-bound leukocytes may detach and re-enter the circulation, the dis-
tinct feature of transmigrating leukocytes is their acquired vectorial motility,
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which entails a fine balance between adhesion and de-adhesion events. How do
the extracellular triggers for this behaviour act at the intracellular level? Recent
insights into this process suggest that intracellular regulators of actin cytoskele-
ton rearrangement are central to the complex process of regulated adhesion and
migration [53]. The small GTPase RhoA appears to be a critical switch for the
“inside-out” regulation of leukocyte adhesion. Indeed, RhoA positively regulates
adhesion receptor function in response to activation induced by phorbol ester
[54] or chemokines [55], and it may also be a target of protein kinase A-mediat-
ed feed-back inhibition of integrin-dependent adhesion [56, 57]. On the basis of
its ability to effect contractility-dependent formation of actin stress fibers, and to
organize integrins in focal adhesions in several cell types, RhoA may be a critical
transducer controlling the dynamic interaction between adhesion receptors and
connecting peripheral proteins of the actin-based cytoskeleton.

Racl, another member of the Rho family of small GTPases, induces cytoskele-
tal changes such as lamellipodia formation and membrane ruffling, which are
typical of motile cells. Racl appears to effect the activation of phosphatidylinosi-
tol (PI) 3-kinase [53], whose involvement in regulating cell motility has been
unequivocally demonstrated in other cellular systems [58]. The recent demon-
stration that a lymphoid cell migration promoting gene, T cell invasion-associat-
ed molecule-1 (TIAM-1), is a specific exchange factor for Racl (promoting con-
version from its inactive, GDP-bound state to the active, GTP-bound state) [59],
supports the idea that Racl activation may be critically involved in regulating
leukocyte migration.

Conclusions

We have presented several examples relevant to the emerging concept that adhe-
sion receptors are finely regulated molecules whose functions go from providing
dynamic adhesion to transducing informational signals related to many cellular
activities, including growth and gene expression. Major challenges for the future
include understanding the signalling pathways involved in both the inside-out
and the outside-in aspects of adhesion receptor function. With regard to cells of
the immune system, it will be interesting to dissect these events in various cell
subsets to determine whether signalling by adhesion receptors is influenced by
the state of differentiation of a given cell subset or by its lineage of origin. Clearly,
adhesion receptors provide more than just a “velcro” covering the plasma mem-
brane and controlling the adhesiveness of a cell: they effect essential functions of
immunocompetent cells, such as topographic memory and antigen-driven prolif-
eration.
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Chapter 6

The Endothelium of the Brain Microvasculature and the
Organization of Intercellular Junctions

M.G. LAMPUGNANI, G. BAzZONI, E. DEJANA

The Endothelium of the Brain Microvasculature

The endothelium is considered to be a sparse organ system due to its vast exten-
sion and its ability to exert a complex array of specialized functions [1, 2]. A
unique characteristic of endothelial cells (EC) is that, although they present many
common functional and morphological features, they also display remarkable
heterogeneity in different organs. Here, we will focus on the endothelium of the
brain microvasculature, which represents the interface between blood and the
central nervous system. We will also examine how its functional properties may
be mediated by intercellular junctions. Due to its unique location, the microvas-
cular endothelium of the brain has specific protective properties which strictly
regulate the infiltration of plasma components and circulating cells into the brain.
The blood-brain barrier normally permits the passage of only small hydrophobic
molecules, a limited number of specifically transported nutrients such as glucose
and amino acids, and some transcytosed molecules such as transferrin (reviewed
in [3-5]).

In general, the barrier activity is due to well-developed junctions between EC,
selective intracellular transport systems, and low pinocytotic activity. Among the
specialized domains at cell-cell contacts (see following section), tight junctions
(TJ) are particularly well developed in brain vessels and are mostly found associ-
ated to the P-phase of the cell membrane, indirectly indicating a close linkage to
the cytoskeleton [6]. The presence of such a developed system of TJ is probably
responsible for the cell polarization found in brain capillaries [5]. Cell polariza-
tion helps to direct the transport of solutes from the apical membrane to the basal
membrane and viceversa. Brain EC synthesize the multi-drug resistance protein
P-glycoprotein (or mdrla), which actively transports a variety of small molecular
weight molecules out of the brain into the circulation [7, 8], thus protecting ner-
vous tissue from accumulation of undesired toxic molecules. Brain endothelium
also has specific transport systems directing the flow of substances from the
blood to the brain, such as the glucose transporter Glut-1 or the various amino-
acid transporters [5, 9].
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Brain microvasculature derives from meningeal vessels and invades the brain
by angiogenesis [3]. These EC acquire the characteristics of blood-brain barrier,
most likely through contact with the neuroectoderm during embryogenesis.
Astrocytes contribute to the establishment of barrier properties in EC [4, 10].
However, recent evidence shows that some specific markers of the brain
microvasculature are already expressed by these cells as early as day 10.5 of ges-
tation when astrocytes are not yet detectable [8, 11]. This suggests that some
forms of “early” endothelial committment exist even in absence of the interaction
with astrocytes [12].

Interestingly, the vessels which invade brain tumors, such as glioblastoma mul-
tiforme, do not have blood-brain barrier properties and this results in brain
edema. In this type of tumor, the vascular defect seems to be mostly due to the
formation of channels through interendothelial junctions [13]. This observation
suggests that, for maintenance of specialized barrier properties, EC require a con-
tinuous interaction with normal nervous cells. When EC invade a newly formed
tumor such as a glioma or glioblastoma, they come into contact with tumor cells
which produce growth factors and, in particular, vascular endothelial growth fac-
tor (VEGF), which may be responsible not only for vascular proliferation, but also
for the altered permeability properties of the newly formed vessels [14-16].

Having highlighted the relevance of interendothelial junctions in blood-brain
barrier function, we will now analyze the components of these structures at both
molecular and functional levels.

Interendothelial Junctions

Adhesion of EC to one another is mediated by various surface receptors that
belong to several families of ubiquitously expressed cell adhesion molecules, such
as cadherins, integrins, immunoglobulins, and proteoglycans. Besides merely act-
ing as attachment sites, most adhesive receptors interact with cytoskeletal and
cytoplasmic molecules, thus contributing to the regulation of cell morphology and
signalling [17]. Most of the molecules at cell-cell contacts are organized in interen-
dothelial junctional structures, such as adherens junctions (AJ) [18] and TJ [19].
The general molecular organization (with adhesive transmembrane compo-
nents associated with regulatory cytoplasmic proteins) and the reciprocal rela-
tionships of cell-cell adhesive systems in the endothelium are similar to those of
other cell types [20]. A] andT] differ on the basis of their components, localization
in the width of the lateral membrane, and distribution along the vascular tree. T]
are located apically to AJ and present a restricted distribution, being particularly
enriched in endothelia that strictly control permeability, such as arterial endothe-
lium and brain capillaries, as already mentioned. No endothelial-specific compo-
nents of T] have been identified up to now [20, 21]. In contrast, A] present an
endothelial specific transmembrane component, vascular endothelial (VE-) cad-
herin (cadherin-5/CD144), which is exclusively expressed by EC [22] since the
earliest stages of endothelial differentiation in the embryonic blood islands [23].



The Endothelium of the Brain Microvasculature and the Organization of Intercellular Junctions 49

VE-cadherin is the major transmembrane component of AJ, which are ubiquitous
along the vascular tree [24].

Outside these two complexes, a third cellular adhesive protein called PECAM-
1 (platelet endothelial cell adhesion molecule-1/CD31) [25, 26] has been well
characterized. PECAM-1 is also expressed on circulating monocytes, neutrophils,
and platelets, and regulates leukocyte extravasation [27]. PECAM-1 can transfer
and receive signals possibly through binding to the tyrosine phosphatase SHP-2,
which may participate in the signalling cascade of different growth factors.

While it is reasonable to envisage that molecules at EC cell-cell contacts con-
trol the organization of new vessels and stabilize the integrity of the endothelium,
experimental data are still fragmentary. However, information obtained using
blocking antibodies against VE-cadherin and PECAM-1 in either in vitro or in
vivo models suggests that these molecules are required in the organization of new
vessels and the maintenance of endothelial integrity [28-30].

Adherens Junctions

The endothelial VE-cadherin, like the other members of the cadherin family, sus-
tains cell-cell recognition and adhesion by homophilically binding an identical
cadherin molecule on an adjoining cell. Intracellularly it is linked to cytoplasmic
molecules, collectively known as catenins (x- and P-catenin, plakoglobin, and
p120) [31, 32], some of which connect the transmembrane protein to the actin
cytoskeleton. These molecules are important mediators of VE-cadherin activity.
VE-cadherin inhibits cell migration [33] and proliferation [34], and restricts para-
cellular permeability [33]. In contrast to the wild type form, a truncated VE-cad-
herin lacking the region of the cytoplasmic domain which binds catenins is unable
to regulate these functions, even if it retains normal adhesive activity [35]. Thus,
the biological activity of VE-cadherin is strictly dependent upon its capacity to
bind catenins or actin cytoskeleton. The influence of VE-cadherin on the cell func-
tions mentioned above is compatible with a regulatory role in new vessel forma-
tion [33]. More direct indications come from the use of monoclonal antibodies to
VE-cadherin. These antibodies inhibited the organization of vascular-like struc-
tures in in vitro models of angiogenesis using EC of both human and mouse ori-
gin (M.G. Lampugnani et al., unpublished observations). In addition, abolishing
the function of the VE-cadherin gene in embryonic stem cells through homolo-
gous recombination did not affect the appearance of differentiated EC in embry-
oid bodies. However, these EC were unable to develop a proper vascular-like net-
work, compared to wild type embryoid bodies, and remain in clusters [36].
Other indirect evidence for a role of VE-cadherin in the process of vessel mor-
phogenesis is the following. First, VE-cadherin can be the target of an endothelial
morphogen like VEGEF, which induces tyrosine phosphorylation of VE-cadherin
[37] and may modulate VE-cadherin activity [32]. Second, VE-cadherin at cell-cell
contacts is strongly reduced in human malignant angiosarcomas and heman-
gioendotheliomas, where the vascular network is highly abnormal [38]. Third,
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cytotrophoblast invasion of uterine vessels is associated with loss of E-cadherin
and acquired expression of VE-cadherin [39].

Several cadherins have been described in some types of EC in culture [40].
Some of these cadherins, such as N-cadherin [41-43], P-cadherin [42] and E-cad-
herin [44], are not endothelium-specific and have been mostly characterized as
neural and muscular (N-cadherin) [45], or epithelial (P- and E-cadherin) [46]. EC
express high amounts of N-cadherin, which is however preferentially found dif-
fuse on the cell membrane [43]. This suggests that it can play a role in the anchor-
age of EC to other N-cadherin-expressing cells such as smooth muscle cells, astro-
cytes, and pericytes.

The role of cadherins in the organization of new vessels has not yet been com-
pletely defined. E-cadherin null mutation produced a lethal phenotype before
implantation at the morula stage [47], much earlier than the organization of the
vascular system [2]. P-cadherin deficient mice were viable and fertile [48], and
they did not show any obvious vascular defect. On the other hand, suppression of
N-cadherin gene, which resulted in postimplantation lethality and abnormal
development of the heart tube, was also associated with defective blood vessels in
the yolk sac [49], suggesting a role for N-cadherin in vasculogenesis. It remains to
be defined whether the observed defect is exclusively due to the absence of N-cad-
herin in EC or to the lack of association with pericytes or smooth muscle cells
[50].

As mentioned before, cadherins require the contribution of cytoplasmic part-
ners, the catenins, to transmit signals to the cell. The type of catenin associated
with VE-cadherin in an endothelial layer in dynamic situations (i.e. during migra-
tion or organization of a subconfluent culture) is different from that of a resting
and established cell layer [31]. Null mutations of a-catenin, $-catenin and plako-
globin resulted in embryonic lethality, which occured at a preimplantation stage
for a-catenin [51], but postimplantation for both B-catenin [52] and plakoglobin
[53]. The absence of B-catenin induced lethality at a stage (6.5-7.5 days of
embryogenesis) which preceded blood vessel formation. Lethality of plakoglobin
null embryo, which was delayed to 12-16 days, was due to impaired myocardial
architecture [53]. No vascular defect has been described, except edema in a few
embryos surviving for 16-18 days. This effect, however, could be secondary to pre-
existing heart failure.

Therefore, while many intruiguing suggestions point to A] components as pos-
sible regulators of vessel formation, conclusive experimental data are still miss-
ing. The development of conditional mutants or endothelial-targeted mutants
may help to define more specifically the role of some of the molecules discussed
above in the organization of new vessels.

Tight Junctions

At variance with AJ, which represent the basic and ubiquitous type of organized
structures at interendothelial contacts, T] or occludens junctions are particularly
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well developed in those endothelia that strictly control the exchanges between
blood and tissues (typically at the blood-brain barrier and in the large arteries)
[19]. At electron microscopy, T] present an apparent fusion of the outer leaflets of
the plasma membrane of the two contiguous cells, suggesting that they seal the
intercellular space giving rise to an adhesive belt located towards the apical sur-
face of the cell layer.

Morphologically, endothelial and epithelial TJ are organized in a similar man-
ner. However, at variance with epithelia, and possibly due to the far more flat
aspect of the endothelium, endothelial T] present a less strictly apical localization
and are found spatially intermingled with AJ [19, 54]. More recently, several mol-
ecular components of TJ, as well as their reciprocal relationships, have been
defined. Some of these constituents are common to endothelium and epithelium,
even if subtle differences may exist.

Transmembrane constituents of both epithelial and endothelial T] are occludin
[55] and junctional adhesion molecule (JAM) [21]. Occludin is a 65 kDa protein
with four putative membrane-spanning domains and both amino- and carboxy-
terminal regions localized in the cytoplasm. Occludin might bind homophilically
an identical molecule present on an adjoining cell, possibly through the second
extracellular domain [56]. In parallel to the high concentration of TJ in brain
endothelium, occludin staining is particularly intense in brain capillaries, while
weaker staining is found in heart, muscle, and intestinal endothelium [55]. JAM is
another integral membrane protein (35 kDa) with an extracellular domain com-
posed of two Ig-like loops, a single transmembrane domain, and a short cyto-
plasmic tail. It is ubiquitously expressed in endothelial and epithelial cells (where
it colocalizes at intercellular contacts together with T] proteins), as well as on cir-
culating cells. Due to its location at interendothelial junctions, JAM might play an
active role both in leukocyte extravasation and paracellular permeability in
inflamed tissues [21]. Finally, claudin-1 and -2 are T] components that have been
recently identified from the junctional fraction of chicken liver. These 22 kDa pro-
tein are homologous and, like occludin, have four transmembrane domains.
However, they are not related to occludin. Claudins are detected in several tissues
but so far no data are available on their cellular distribution [57].

Occludin may need association with cytoskeletal proteins to be localized at TJ
[58]. One of these mediators could be zonula occludens-1 (ZO-1), a 225 kDa pro-
tein [58-60] that binds to the carboxy-terminal region of occludin [61]. Binding of
occludin to ZO-1 is necessary, but apparently not sufficient for targetting occludin
to TJ, since some deletion mutants of occludin that do bind ZO-1 are not concen-
trated at T] [56]. Therefore other factors may be required for the correct junc-
tional distribution of ZO-1. For instance, ZO-1 might connect occludin to the
actin cytoskeleton through its association with spectrin [61], and may also bind
actin directly using its carboxy-terminal domain [62].

Z0-1 binds occludin at its amino-terminal region [62]. ZO-1 in turn interacts
through one of its three PDZ (PSD-95, discs-large, ZO-1) domains with ZO-2
(zonula occludens-2, 160 kDa, [63]), and both proteins form part of the cytoplas-
mic undercoat of TJ. ZO-1 and ZO-2 are members of the MAGUK (membrane-
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associated guanylate kinase) family, as they bear a domain homologous to guany-
late kinase, although devoid of enzymatic activity [64]. Cytoplasmic proteins
belonging to the MAGUK family in general express organizing and targeting
activity towards cell membrane proteins [64]. Besides the guanylate kinase
homology region, they contain multiple copies of an 80 amino acid repeat, the
PDZ/DHR (discs-large homology region) domain, which is involved in protein-
protein interactions. While ZO-2 is exclusively found at T] both in endothelia and
epithelia, ZO-1 shows a far less specific distribution. Indeed it is located at cell-cell
contacts independently of the presence of TJ and can also be found in cell types
that never develop TJ, such as fibroblasts and cardiac muscle cells [61, 65].

Targeting of ZO-1 to the plasma membrane can be regulated by its binding to
cytoplasmic components of AJ, typically catenins (a-, f- and plakoglobin, [66]).
In cells which do not develop TJ, ZO-1 is found associated to AJ [61]. However,
when TJ form, ZO-1 is segregated with them, suggesting that ZO-1 may represent
a cross-talking element between AJ and TJ.

Interestingly, endothelial cells express a specific ZO-1 isotype, called ZO-1a
[54]. It derives from alternative RNA splicing and lacks an 80 amino acid region
(in the proline-rich carboxy-terminal half of the molecule). No alteration of the
molecular relationships of this isoform with other TJ components (for example
Z0-2) has been reported although it was suggested that ZO-1a characterizes more
dynamic junctions [54].

Two other cytoplasmic components of T] common to epithelia and endothelia
are cingulin (140-108 kDa [67]) and 7H6 antigen (175-155 kDa [68]), the expres-
sion of this last molecule being restricted to brain capillaries in vivo. Cingulin is
located more peripherally to the plasma membrane than ZO-1 and Z0O-2, and its
molecular interaction with other constituents of TJ] remains to be defined.
Notably, epithelial cells express molecules at TJ which are absent in EC such as
symplekin [69].

The functional effects of TJ have been classically indicated in the control of
paracellular permeability and cell polarity, functions that most epithelia and
many endothelia have to accomplish [19]. Increasing evidence indicates that
occludin directly contributes to paracellular barrier function [70]. Interestingly,
when occludin is displaced from its junctional localization, the cytoplasmic com-
ponents of TJ (ZO-1, ZO-2 and cingulin) remain in place at the plasma membrane
even if both permeability and electrical resistance are severely affected [56]. As
observed in tissue sections (see preceding section), also cultured EC from the
brain microvasculature express higher levels of occludin in comparison to aortic
endothelium and this parallels a more effective barrier function [71].

As far as cytoplasmic components are concerned, the far more studied in terms
of functional effects is ZO-1. In cultured EC the amount of ZO-1 is upregulated by
cell confluency [72] and downregulated by the vasoactive agent histamine [73].
Tyrosine phosphorylation of ZO-1 correlates with increased paracellular perme-
ability both in epithelial cells and EC [74]. Induction of another cytoplasmic com-
ponent of T], 7H6, with dbcAMP or retinoic acid, enhances the barrier function of
EC in culture [75].
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Similarly to AJ, there is indirect evidence that T] can act as cell-to-cell sig-
nalling organelles. Non-classic signalling pathways have been outlined for com-
ponents of TJ. Symplekin was found to be concentrated in the nucleus [69]. In
epithelial cells ZO-1 shows a nuclear localization which is inversely related to the
maturity of cell-cell contacts [76]. Also, ZO-1 distribution is stimulated at sites of
wounding in epithelial cells in vitro and along the outer tip of the villus in tissue
sections [76], thus suggesting a possible involvement of T] components in mor-
phogenetic processes.

Other Structures

In contrast to epithelial cells, EC do not have classic desmosomes, even if they
might express similar but possibly simplified desmosomal structures. EC synthe-
size desmoplakin which is a specific component of desmosomes. Desmoplakin
codistributes with VE-cadherin, plakoglobin and vimentin [77], and the associa-
tion of these molecules might constitute a desmosomal-like structure (also called
complexus adherens [78]). Other adhesive molecules, not directly associated to A]
or TJ, have been found to be concentrated at endothelial cell-to-cell contacts.
These include PECAM-1 (see the section on Interendothelial Junctions), S-endo-
1/Muc 18, CD34, and endoglin (reviewed in [24]).

Conclusions

Intercellular junctions of brain microvascular EC may be active players in the
induction and maintenance of the blood-brain barrier function exerted by these
cells. The vast amount of evidence collected in recent years about the molecular
organization and the functional properties of endothelial A] and TJ might help to
fully elucidate the role of junctions in the brain microvasculature. A striking fea-
ture that has emerged so far is the redundacy of adhesive molecules and associ-
ated proteins at interendothelial junctions. One obvious explanation for such
redundancy is that several adhesive structure might simply cooperate to maintain
and stabilize intercellular adhesion. However, it is far more attractive to consider
that these structures may have specific biological activities and activate unique
signaling pathways.
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Introduction

Classic chemoattractants include complement components, formyl peptides and
leukotriene B4. In addition, various cytokines are able to elicit directional migra-
tion of leukocytes. While molecules such as monocyte-colony stimulating factor
or tumor necrosis factor also exert chemotactic activity, the main chemotactic
cytokines are a superfamily of molecules known as chemokines (for chemotactic
cytokines) [1].

Chemokines play a central role in the multistep process of leukocyte recruit-
ment and are involved in a variety of disease processes including inflammation,
allergy and neoplasia. As such they now represent a prime target for the develop-
ment of novel therapeutic strategies. Chemical antagonists remain the holy grail
for the future.

Leukocyte recruitment has been recognized as an early event in inflammatory
processes since the late nineteenth century. Accumulation and trafficking of
leukocytes in tissues under physiological and pathological conditions are orderly
(typically neutrophils preceed mononuclear cells) and selective in that in certain
states one or more leukocyte subset is recruited preferentially (e.g. eosinophils in
allergy). The current paradigm of recruitment is that of a multistep process
involving the action of chemotactic signals [2, 3].

Here we will concisely summarize the main features of chemokines and their
receptors and focus on emerging evidence of how regulation of receptor expres-
sion is a crucial determinant of the function of the chemokine system. Emphasis
will be on myelomonocytic and dendritic cells as well as on emerging implica-
tions for polarized T helper 1 (Th1) versus Th2 responses.

Chemokines are a superfamily of small proteins which play a crucial role in
immune and inflammatory reactions and in viral infection [4-6]. Most
chemokines cause chemotactic migration of leukocytes, but these molecules also
affect angiogenesis, collagen production and the proliferation of hematopoietic
precursors. Based on the cysteine motifs CXC, CC, C and CX3C, four chemokine
families have been identified (Fig. 1). The chemokine scaffold consists of an N-

! Mario Negri Institute of Pharmacological Research, Via Eritrea 62 - 20157 Milan, Italy. e-
mail: mantovani@irfmn.mnegri.it
2Department of Biotechnology, Section of General Pathology, University of Brescia, Italy
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Chemokine family Proteic structure Prototypic molecules  Cellular targets  Receptor

(Chromosome)

CXC (4, 10) IL-8 Neu CXCR1,2
IP-10,SDF-1 T, NK CXCR3,4
BCA-1 B CXCR5

CC(17,16,9,2) MCPs, MIPs Mo, DC,T,B, CCR1-8/9

NK,Eo,Ba
c (1) Lymphotactin T,NK Unknown
CX3C (16) w71 Fractalkine T,NK,Mo CX3CR1

Fig. 1. Four chemokine families, according to cysteine motifs. All chemokine are com-
posed of a homologous, disulfide-bonded structure (light gray bar with one or two cross-
links indicating approximate cysteine position).In addition, lymphotactin and
fractalkine contain a carboxyl-terminal mucin-like domain (dark gray bar). Fractalkine, a
membrane-associated molecule, also possesses a transmembrane domain (striped bar)
and a carboxyl-terminal cytoplasmic domain (open bar). Gene locations refer to human
chromosomes. Mo, Monocytes; Neu, Neutrophils, Eo, Eosinophils; Ba, Basophils; DC,
Dentdritic cells

terminal loop connected via disulfide bonds to the more structured core of the
molecule (3 p sheets) and a C-terminal « helix. About 50 human chemokines have
been identified.

The major eponymous function of chemokines is chemotaxis for leukocytes.
Schematically (Fig. 1), CXC (or a) chemokines are active on neutrophils (PMN)
and lymphocytes. CC (or B) chemokines (e.g. monocyte chemotactic proteins
(MCPs) and macrophage inflammatory proteins (MIPs)) exert their action on
multiple leukocyte subtypes, including monocytes, basophils, eosinophils, T lym-
phocytes, dendritic cells and natural killer (NK) cells, but they are generally inac-
tive on PMNs. Eotaxins (CC), the chemokines with the most restricted spectrum
of action, are selectively active on eosinophilic and basophilic granulocytes [4, 7-
9]. Lymphotactin and fractalkine are the only proteins so far described with the C
or CX3C motif, respectively [10-12]. These molecules both act on lymphoid cells
(T lymphocytes and NK cells), while fractalkine is also active on monocytes [10-
13] (S. Sozzani, P. Allavena, T.N. Wells, unpublished results).

Chemokines are redundant in their action on target cells. No chemokine is
active only on one leukocyte population, and usually a given leukocyte popula-
tion has receptors for and responds to different molecules (Table 1). Interestingly,
mononuclear phagocytes, the most evolutionary ancient cell type of innate
immunity, respond to the widest range of chemokines. These include most CC
chemokines, fractalkine (CX3C) and certain CXC molecules (e.g. SDF-1 and,
under certain conditions, interleukin (IL)-8).
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Table 1. Expression of chemokine receptors in human leukocyte populations

Receptor Main ligands Main cells

CCR1 MCP-3, RANTES, MIP-1a Mo, T, NK, DC, PMN
CCR2 B/A MCPs (1-4) Mo, T(act), NK (act)
CCR3 Eotaxin, MCP-3, RANTES Eo, Ba, T (Th2)
CCR4 TARC,MDC T (Th2,Tc2), NK,DC
CCR5 MIP-1f3, MIP-1a, RANTES Mo, T (Thl, Tcl), DC
CCR6 MIP-3a/LARC/Exodus T, CD34-DC

CCR7 ELC T, Mo

CCR8 1309, TARC T (Th2), Mo

CCR9 MCPs, RANTES, MIP-1a, MIP-1§3 ?

CXCR1 IL-8 PMN

CXCR2 IL-8, gro, NAP-2 PMN

CXCR3 IP-10, MIG T (Thl)

CXCR4 SDF-1 Widely expressed
CXCR5 BCA-1 B

CX3CR1 Fractalkine Mo, NK, T

Mo, Monocytes; DC, Dendritic cells; CD34-DC, DC-derived from CD34 cells in vitro; PMN,
Neutrophils; Eo, Eosinophils; Ba, Basophils; Th, T helper; T¢, T cytotoxic; (act), activated;
TARC, Thymus and activation-regulated chemokine; ELC, EBI1-ligand chemokine; NAP-2,
Neutrophil activating protein-2; BCA-1, f cell attractant-1.

Receptors and Signal Transduction

All chemokine receptors identified to date are seven transmembrane domain pro-
teins coupled to GTP-binding proteins with homology to the family of chemotac-
tic receptors. Five receptors for CXC chemokines (CXCR1-5) and nine for CC
chemokines (CCR1-9) have recently been cloned (Table 1). These receptors show
a promiscuous pattern of ligand recognition and are differentially expressed and
regulated in leukocytes [4, 6, 14-16]. The receptor for fractalkine has been recent-
ly characterized [17], while that for lymphotactin is still unknown.

Activation of chemotactic receptors results in an increase of intracellular free
calcium concentration and in the activation of phospholipases C, D and A2.
Calcium fluxes were observed after receptor binding by most of the CC
chemokines [8,18-21]. This response is rapid, transient and sensitive to Bordetella
pertussis toxin (PTox) [22-26], suggesting that chemokine receptors are associat-
ed with PTox-sensitive GTP-binding proteins. In support of this observation, it
was reported that monocyte chemotaxis in response to MCP-1, MCP-3, RANTES,
and MIP-1a is inhibited in a concentration-dependent manner by PTox {22, 27,
28], while in the same experimental conditions cholera toxin was ineffective
[22,28]. Studies performed in transfected cells have shown that both CXCR1 and
CXCR2, as well as CCR1 and CCR2, can efficiently couple with PTox-insensitive G
proteins, such as Ga14 and Ga16 [29,30]. The biological relevance of this finding
for circulating leukocytes is still unclear.
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In human monocytes activated by MCP-1, the influx of Ca?* across the plasma
membrane rather than the release from intracellular stores appeared to be the
main mechanism responsible for intracellular Ca** elevation [27, 28]. Calcium
influx was required for arachidonate accumulation by MCP-1 in human mono-
cytes [31]. Bioactive products of arachidonic acid metabolism (platelet-activating
factors (PAF) and 5-oxo-ETE) increased in a synergistic fashion both arachidonic
acid release and chemotactic response induced by CC chemokines but not by
formyl-Meth-Leu-Phe (fMLP) [31, 32]. Alternatively, phospholipase A2 (PLA2)
inhibitors blocked both monocyte polarization and chemotaxis [31]. An antisense
oligonucleotide for cellular PLA2 (cPLA2) induced a concentration-dependent
inhibition of monocyte chemotaxis to all the CC chemokines tested (MCP-1, MCP-
2, RANTES and MIP-1at). On the contrary, chemotactic response to two “classic”
chemotactic factors, fMLP and C5a, was not affected by this treatment [33]. This
finding shows that cPLA2 is indeed an important effector enzyme for chemokine-
induced monocyte migration. Recent findings have shown that both CC and CXC
chemokines activate Pyk2/RAFTK tyrosine kinase and the Ras/Raf/MAP kinase
pathways [34-36]. It is important to note that MAP kinases (ERKs, p38 and JNK)
are upstream of cPLA2 activation, and inhibitors of MAP kinases reduced the
chemotactic response to MCP-1 [35]. There is also evidence for a role of phos-
phatidylinositol 3-kinase (PI3K) in chemokine receptor signal transduction [37].
PI3K is activated by interaction with Py subunits of heterotrimeric G proteins or
by low molecular weight G proteins. Using CXCR1-transfected pre-B cells, IL-8 was
shown to activate Rho, a low molecular weight G protein, and this effect was impli-
cated in IL-8-induced adhesion to fibrinogen [38].

Regulation of Receptor Expression During Activation and Deactivation
of Mononuclear Phagocytes

Leukocyte infiltration into tissues is regulated by local production of chemotac-
tic signals. Chemokine receptors are expressed on different types of leukocytes.
Some receptors are restricted to certain cells (e.g. CXCR1 on PMN, and CCR3 on
eosinophils and basophils), while others, such as CCR1 and CCR2, are expressed
on different types of leukocytes. In addition, chemokine receptors are constitu-
tively expressed on some cells, whereas they are inducible in others. Regulation of
chemokine receptors is emerging as an alternative mechanism to control the level
and specificity of leukocyte migration. IL-2-activated, but not resting, T lympho-
cytes and NK cells migrate in response to MCPs. CXCR3 is expressed only in IL-
2-activated T lymphocytes, and IL-2 upregulates CCR6 expression [4]. In PMNs,
IL-8 receptors can be upregulated or downregulated by granulocyte-colony stim-
ulating factor (G-CSF) and lipopolysaccharide (LPS), respectively [39].

It was recently described that inflammatory and anti-inflammatory agonists
regulated in opposite ways CC chemokine receptor expression in human mono-
cytes. LPS and other microbial agents caused a rapid and drastic reduction of
CCR2 mRNA levels. The rate of nuclear transcription of CCR2 was not affected by
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LPS, whereas the mRNA half-life was reduced. The effect was drastic and rapid with
an ED, of approximately 1 ng/ml, and the half-maximal effect was reached with an
optimal dose in approximately 45 min. Inhibition of MCP-1 receptor expression
was functionally relevant since LPS-treated monocytes showed a reduced capacity
to bind and respond to MCP-1 chemotactically. The action of LPS on CC
chemokine receptors was specific in that CXCR2 was unaffected [40]. Interferon
gamma (IFN-y), a potent activator of mononuclear phagocytes, also inhibited
CCR2 expression in a rapid (1 h) and selective manner by reducing the half-life the
CCR2 mRNA. This effect was synergistic with the action of other proinflammato-
ry molecules, such as IL-1, tumor necrosis factor (TNF) and LPS {41].

Conversely, incubation of human monocytes with IL-10 increased the expres-
sion of CCR1, 2 and 5 as evaluated by northern blot analysis. No major variations
in the expression of CXCR2 were detectable while CXCR4 mRNA levels were
reduced [42]. The effect of IL-10 was concentration-dependent (EC,;=0.3 ng/ml)
and fast, already detectable after 30 min and reaching a plateau after 2 h of stim-
ulation. The estimated half-life of CCR5 mRNA was doubled after exposure to IL-
10. In contrast, the rate of nuclear transcription of the gene, as investigated by
nuclear run-off analysis, was not affected. Accordingly, IL-10-treated monocytes
responded better to CC chemokines in terms of chemotactic migration and intra-
cellular calcium transients and the effect was best observed when suboptimal
agonist concentrations were used. IL-10-treated monocytes were also more easily
infected by the macrophage-tropic HIV strain BAL [42]. This result is consistent
with the use of CCR5 as major fusion coreceptor by BAL.

Regulation of receptor expression, in addition to agonist production, is likely a
crucial point in modulating of the chemokine system. An emerging paradigm
indicates that at least some proinflammatory and anti-inflammatory molecules
exert reciprocal and opposing influences on chemokine agonist production and
receptor expression. We speculate that the divergent effect of certain proinflam-
matory signals on agonist versus receptor expression may serve to retain
mononuclear phagocytes at sites of inflammation, to prevent their reverse trans-
migration, and possibly, to limit excessive recruitment.

Receptor Expression in Immature and Mature Dendritic Cells

Dendritic cells (DC) have the unique capacity to initiate primary and secondary
immune responses. DC take up antigens in peripheral tissues and migrate to lym-
phoid organs where they present processed peptides to T cells. During migration,
DC undergo maturation from a “processing” to a “presenting” functional pheno-
type, characterized by the expression of costimulatory molecules, cytokine pro-
duction, and the ability to stimulate T cell proliferation. For their central role in
the regulation of immunity, DC are considered interesting tools and targets for
immunotherapeutic interventions.

Response of DC to chemokines has been extensively characterized in vitro.
Classic chemotactic agonists (e.g. formylated peptides), C5a, the CC chemokines



Chemokines and Chemokine Receptors 63

MCP-3, MCP-4, RANTES, MIP-1a, MIP-1PB, and MIP-5, and the CXC chemokine
SDF-1 induce directional migration and calcium fluxes of monocyte-derived DC
(mono-DC) and CD34" cell-derived DC (CD34-DC) [43, 44]. On the contrary, three
CXC chemokines - IL-8, Gro and interferon-y-induced protein-10 (IP-10) - eotax-
in (CC), and lymphotactin (C) were inactive. PAF, a weak chemotactic factor for
neutrophils and monocytes, efficiently induced chemotaxis and calcium transients
in both mono-DC and CD34-DC [45]. MDC (macrophage-derived chemokine), a
new CC chemokine, preferentially activated DC, being two orders of magnitude
more potent on DC than on mononuclear cells [46]. Mono-DC express high levels
of mRNA for CCR1, CCR2 and CCR5 receptors. Among the CXC chemokine recep-
tors investigated, CXCR1, CXCR2, and CXCR4 were also found to be expressed by
DC [44]. A similar pattern of chemokine receptor expression was observed in
CD34-DC (S. Sozzani, P. Allavena, unpublished results), with CCR6 being the only
exception. This receptor is selectively expressed in CD34-DC that migrate in
response to MIP-3a/LARC/Exodus, the CCR6 ligand [47]. Active chemokines
increase the adhesion of mono-DC to endothelial cells and promote their trans-
migration across the endothelial cell monolayer. The latter response is inhibited by
blocking antibodies to f1-integrins and by anti-CD31 [48]. On the contrary, brief
exposure of mono-DC to chemokines did not affect their ability to take up fluo-
rescein-labelled dextran or to promote allogenic mixed lymphocyte reaction [44].
In vivo intradermal administration of GM-CSF led to an increased number of DC
within the human dermis. TNF, and possibly other LPS-induced cytokines, quick-
ly recruited DC in the airway epithelia in a model of respiratory infection, and sys-
temic administration of LPS induced a profound loss of major histocompatibility
complex (MHC) class IT* cells from heart and kidney in the mouse [49]. Since these
proinflammatory agonists are inactive in promoting cell migration in vitro, it is
likely that the observed DC mobilization observed in vivo is the result of sec-
ondary mediators, such as chemokines [44]. Recent results indicate that matura-
tion differentially affects expression of chemokine receptors in DC [50].

Finally, DC in the mucosal epithelium are likely the initial target for HIV-1.
Following migration to the nearest lymphoid station, DC likely contribute to viral
spread. DC generated in vitro, as well as Langherans cells, express and can be
infected through CCR5 and CXCR4, the two major fusion coreceptors for HIV
macrophage and T-cell tropic strains, respectively [51, 52].

Chemokines in Polarized Th1 and Th2 Responses

T cells can be subdivided into polarized type I and type II cells, depending on the
spectrum of cytokines which they produce. T helper 1 cells (Th1 cells) are char-
acterized by production of TNF and IFN-y and promote immunity based on
macrophage activation and effector functions. At the other extreme of the spec-
trum, Th2 cells are characterized by IL-4 and IL-5 production and elicit immune
responses based on the effector function of mastocytes and eosinophils. The lat-
ter cell types are typically involved in allergic inflammation.
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Recent results indicate that chemokines are part of the Th1 and Th2 paradigm.
It was found that polarized Thl and Th2 populations differentially express
chemokine receptors. In particular, Th1 cells characteristically express high lev-
els of CCR5 and CXCR3 whereas Th2 cells express CCR4, CCR8 and to a lesser
degree, CCR3. In accordance with receptor expression, polarized Th1/Th2 cells (as
well as CD8* T cells with a similar cytokine profile, unpublished observations),
differentially respond to appropriate agonists for these receptors, including MIP-
1B and interferon-y-induced protein-10 (IP-10) for Th1 cells and MDC, 1 309 and
eotaxin for Th2 cells [53, 54]. Production of IP-10 and similar CXCR3 agonists
such as ITAC is induced by IFN-y. Conversely, production of eotaxin and MDC is
induced by IL-4 and IL-13, typical Th2 cytokines. Thus, chemokines are probably
an essential part of an amplification circuit of polarized Thl and Th2 responses.
Consistent with this view, the CCR4 agonist MDC was recently shown to be
induced by IL-4 and IL-3 and to be inhibited by IFN-y [55, 56].
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Chapter 8

Th1/Th2 Cytokine Network

M.M. D’ELIoS, G. DEL PRETE

Introduction

The immune system has evolved different defensive mechanisms against
pathogens. The first defensive line is provided by “natural” immunity, including
phagocytes, T cell receptor (TCR) y&* T cells, natural killer (NK) cells, mast cells,
neutrophils and eosinophils, as well as complement components and proinflam-
matory cytokines, such as interferons (IFNs), interleukin (IL)-1, IL-6, IL-12,1L-18
and tumor necrosis factor (TNF)-a. The more specialized TCR af* T lympho-
cytes provide the second defense wall. These cells account for the “specific immu-
nity”, which results in specialized types of immune responses which allow verte-
brates to recognize and eliminate, or at least control, infectious agents in different
body compartments. Viruses growing within infected cells are faced through the
killing of their host cells by CD8* class I MHC-restricted cytotoxic T lympho-
cytes. Most microbial components are endocytosed by antigen-presenting cells
(APC), processed and presented preferentially to CD4* class II MHC-restricted T
helper (Th) cells. CD4* T cells co-operate with B cells for the production of anti-
bodies which opsonize extracellular microbes and neutralize their exotoxins. This
branch of the specific Th cell-mediated immune response is known as “humoral
immunity”. Other microbes, however, survive within macrophages despite the
unfavorable microenvironment. Antigen-activated CD4* Th cells are required to
activate macrophages, whose reactive metabolites and TNF-a finally lead to the
destruction of pathogens. This latter branch of the specific Th cell-mediated
response is known as “cell-mediated immunity” (CMI).

Most successful immune responses involve both humoral and cell-mediated
immunity, but in some conditions the two prototypes of effector reactions tend to
be mutually exclusive. The mechanisms by which CD4* Th cells are responsible
for this dichotomy remained unclear until Mosmann et al. [1] provided evidence
that repeated antigen stimulation of murine CD4" Th cells in vitro resulted in the
development of polarized patterns of cytokine production (type 1 or Thl and
type 2 or Th2) that could account for effector reactions characterized by prevalent
CMI or antibody response, respectively.

Institute of Internal Medicine and Immunoallergology, University of Florence, Viale
Morgagni 85 - 50134 Florence, Italy. e-mail: delios@cesitl.unifi.it



Th1/Th2 Cytokine Network 69

Th1/Th2 Cytokine Network

Th1 cells produce IFN-y, IL-2 and TNF-3, and elicit macrophage activation and
delayed-type hypersensitivity (DTH) reactions. Th2 cells produce IL-4, IL-5, IL-6,
IL-10 and IL-13, which act as growth/differentiation factors for B cells,
eosinophils and mast cells and inhibit several macrophage functions [2, 3] (Table
1). A similar heterogeneity in the cytokine profile was also observed in CD8" cyto-
toxic T cells (Tcl, Tc2), y6 T cells and NK cells [4, 5]. However, most T cells do not
express a polarized type 1 or type 2 cytokine profile; these T cells (coded as Tho)
represent a heterogenous population of partially differentiated effector cells con-
sisting of multiple subsets which secrete different combinations of both Thl and
Th2 cytokines [6-8]. The cytokine response at effector level can remain mixed or
further differentiate into the Th1 or Th2 pathway under the influence of polariz-
ing signals from the microenvironment. Human Thl and Th2 cells also differ for
their responsiveness to cytokines [9]. Both Thl and Th2 cells proliferate in
response to IL-2, but Th2 are more responsive to IL-4 than are Th1; on the other
hand IFN-y tends to inhibit the proliferative response of Th2 cells [10].

Table 1. Functional properties of human Th1 and Th2 cells

Function Thi Th2
Cytokine production
IFN-y +++ -
TNE-B +++ -
IL-2 +++ +
TNF-a +++ +
GM-CSE ++ ++
IL-3 ++ +++
IL-6 + +++
IL-13 + +++
IL-10 + +++
IL-4 - e
IL-5 - N
Cytolytic activity +++ -
Help to B cells for Ig synthesis
IgM, IgG, IgA (low T/B ratio) +++ ++
IgM, IgG, IgA (high T/B ratio) - +++
IgE - +++
Interaction with monocytes
Procoagulant activity (PCA) +++ -
Tissue factor production +++ -
Delayed-type hypersensitivity (DTH) +++ -

Inhibition of PCA and DTH - +++
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Table 2. Signals involved in Thl or Th2 development

Signals Th1 Th2
Cytokines
IL-12 ++++ -
IFN-y, IFN-ot 4+
IL-18 ++ -
IL-4 - ++++
IL-11, PGE, - +++
IL-1,IL-10 - ++

Physical form of the antigen
Corpuscular + -
Soluble +

Dose of the antigen
High - +
Medium/low + -
Very low -

Adjuvants
Complete Freund's + -
Alum - +
B. pertussis or V. cholera toxin - +

Antigen-presenting cells
Professional (macrophages, dendritic, B cells) + +

Keratinocytes - +

Costimulatory molecules

B7.1-CD28 + +
B7.2-CD28 - +
CD30-CD30L - +

Th1 and Th2 cells substantially differ for their cytolytic potential and mode
of help for B-cell antibody synthesis (Table 2). Th2 clones, usually devoid of
cytolytic activity, induce IgM, IgG, IgA, and IgE synthesis by autologous B cells
in the presence of the specific antigen, with a response which is proportional to
the number of Th2 cells added to B cells [11]. In contrast, Th1 clones, most of
which are cytolytic, provide B-cell help for IgM, IgG, IgA (but not IgE) synthesis
at low T-cell/B-cell ratios. At T-cell/B-cell ratios higher than 1/1, there is a
decline in B-cell help related to the Th1-mediated lytic activity against antigen-
presenting autologous B cells [11]. This may represent an important mechanism
for downregulating antibody responses in vivo as well. Th1 and Th2 cells exhib-
it different abilities to activate monocytic cells [12]. Thl, but not Th2, help
monocytes to express tissue factor (TF) production and procoagulant activity
(Table 1). In this type of Th cell-monocyte cooperation, both cell-to-cell contact
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with activated T cells and Th1 cytokines (namely IFN-y), are required for opti-
mal TF synthesis, whereas Th2-derived cytokines (IL-4, IL-10 and IL-13) are
strongly inhibitory [12].

Polarized human Thl and Th2 cells also exhibit preferential expression of
some activation molecules or chemokine/cytokine receptors. CD30 (a member of
the TNF-receptor family) is mainly expressed by IL-4-producing Th0/Th2 cells
both in vitro [13,14] and in vivo [15], whereas lymphocyte activation gene (LAG)-
3, a member of the immunoglobulin superfamily, is preferentially expressed by
IFN-y producing Th0/Th1-like cells [16]. LAG-3 expression and release is upreg-
ulated by IFN-y and downregulated by IL-4, whereas CD30 expression/release,
which is strictly dependent on IL-4, is lost by fully differentiated, IL-4-receptor-
lacking Thl cells [17]. The expression of CD26 associates with Thl-induced reac-
tion in granulomatous diseases [18], whereas the expression of the L-selectin
CD62L would preferentially associate with the production of Th2 cytokines [19].
Since IFN-y is transiently expressed on the cell surface during secretion, its detec-
tion may be a marker of an ongoing Thl function [20]. CCR3 (the receptor for
eotaxin and MCP-3) and CCR4 (the receptor for TARC and MDC) preferentially
associate with Th2 cells [21, 22], whereas CXCR3 (the receptor for IP-10, I-TAC
and Mig) and CCR5 (the MIP-1p receptor) are preferentially expressed by Thl
cells [22, 23]. It has recently been shown that the -chain of the IL-12 receptor is
selectively expressed by activated Th1 cells since this protein is induced during
the differentiation of naive T cells into the Thl, but not the Th2, pathway [24].

The factors responsible for the Th cell polarization into a predominant Th1 or
Th2 profile have been extensively investigated. Current evidence suggests that
Th1 and Th2 cells develop from the same Th-cell precursor under the influence of
mechanisms associated with antigen presentation [25]. Both environmental and
genetic factors influence Thl or Th2 differentiation mainly by determining the
“leader cytokine” in the microenvironment of the responding Th cell (Table 2).
IL-4 is the most powerful stimulus for Th2 differentiation, whereas IL-12, IL-18
and IFNs favor Thl development [26-30]. A role has been demonstrated for the
site of antigen presentation, the physical form of the immunogen, the type of
adjuvant, and the dose of antigen [31]. Microbial products (particularly from
intracellular bacteria) induce Thl-dominated responses because they stimulate
IL-12 production. IFN-y and IFN-a favor Thl development by enhancing IL-12
secretion by macrophages and maintaining the expression of functional IL-12
receptors on Th cells [32]. On other hand IL-11 and prostaglandin E, (PGE,)
would promote Th2 cell polarization [33, 34]. The genetic mechanisms that con-
cur with environmental factors in controlling the type of Th cell differentiation
still remain elusive. Recently, a role has been suggested for the T cell phenotype
switch-1 (Tps-1) locus on murine chromosome 11, which controls the mainte-
nance of IL-12 responsiveness and therefore the subsequent Th1/Th2 develop-
ment [35]. Binding of IL-12 to its receptor on naive Th cells results in the trigger-
ing of intracellular signals (rapidly transduced into the nucleus), such as the Jak-
signal transducer and activator of transcription (STAT)-4 [36]. Other transcrip-
tion factors specific for Th1 differentiation are Hlx and ERM [37, 38].
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On the other hand, signaling by IL-4 occurs through activation of STAT-6; dis-
ruption of STAT-6 gene results in deficient Th2 responses [39]. Two other genes
involved in the differentiation of Th2 cells have been discovered. These genes
code for GATA-3 and c-maf transcription factors, which probably regulate the
production of Th2-type cytokines (GATA-3) or more selectively (c-maf) the pro-
duction of IL-4 [40, 41].

Th1/Th2 Network in Health and Disease

Th1/Th2 cytokine production naturally occurs during immune responses and can
be detected in a variety of infectious or immunopathological human disorders
[42] (Table 3). In most human infections, specific immunity is of crucial impor-
tance, but an inappropriate response may not only result in lack of protection,
but even contribute to the induction of immunopathology. In human leishmani-
asis, lack of IFN-y and high IL-4 production predict progression into fulminant
visceral disease, whereas individuals whose cells produce large amounts of IFN-
y usually remain asymptomatic [43, 44]. Strong Thl response was found in
uncomplicated cutaneous leishmaniasis or subclinical infection, whereas indi-
viduals cured from visceral leishmaniasis recognized Leishmania antigens with
both Thl and Th2 cells {45]. Thl cytokine mRNA was found in the skin of
patients with localized and mucocutaneous leishmaniasis, whereas Th2 cytokine

Table 3. Preferential Thl or Th2 responses in humans

Thl

Th2

Multiple sclerosis

Type 1 diabetes mellitus
Hashimoto's thyroiditis

Crohn's disease

Acute graft rejection
Unexplained recurrent abortions
Lyme arthritis

Yersinia-induced arthritis
Primary sclerosing colangitis

H. pylori-induced peptic ulcer

HCV-induced chronic hepatitis

Systemic sclerosis

Helminth infections

Allergic diseases

Systemic lupus erythematosus
Transplantation tolerance

Successful pregnancy

Omenn's syndrome

Primary hypereosinophilic syndrome
Sézary syndrome

Measles virus infection & vaccination

Progression to AIDS in HIV infection

HCYV, Hepatitis C virus; AIDS, Acquired immunodeficiency syndrome; HIV, Human

immunodeficiency syndrome.
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mRNA was highly expressed in the skin of patients with destructive forms of
cutaneous or active visceral disease [46]. Interestingly, IFN-y in combination
with pentavalent antimony was effective in treating severe or refractory visceral
leishmaniasis [47].

Parasitic infections, characterized by eosinophilia and elevated IgE levels, usu-
ally elicit Th2 cytokines [48]. Th2 responses, which downregulate host protective
Th1 functions, are less detrimental to parasites; on other hand, the host would
avoid immunopathological reactions related to strong, but harmful, Th1 respons-
es. The pathology resulting from S. mansoni infection is indeed predominantly
caused by the host Th2 response leading to chronic granulomatous reaction and
consequent damage of intestine and liver [49].

In the immune response to bacterial infections, Th2 cells seem to be appropri-
ate opponents against toxin-producing bacteria, since Th2 cytokines favor B-cell
maturation and production of neutralizing antibodies. In contrast, intracellular
bacteria (e.g. Listeria monocytogenes, Mycobacteria, Salmonellae) are more prop-
erly faced by Th1 cells, which produce cytokines able to activate macrophages and
cytotoxic T cells. Mice with disrupted IFN-y or IFN-y receptor (R) gene and pro-
ducing high levels of IL-4 succumb to mycobacterial infections [50], whereas mice
resistant to M. bovis produce high levels of IFN-y and IL-2, and low amounts of
IL-4 [51]. Likewise, patients with IFN-yR or IL-12R deficiency are extremely sen-
sitive to mycobacterial infections and develop severe and often fatal disease [52,
53].

Tho cells, which secrete a combination of both Th2- and Th1-type cytokines,
should be the best effector cells in the immune response to extracellular bacteria
since antibodies (which neutralize adhesion/invasion and opsonize bacteria) and
phagocytosis are both required. The predominance of the Th1 or Th2 response in
any infectious disease is probably modulated by both the pathogen and the genet-
ic background of the host, whose innate immunity plays a key role. Since bacteria
possess several components which can trigger IL-12 production by macrophages,
it is not surprising that most of them favor Th1 development (Table 2). These
“Th1 inducers” include the lipoarabinomannan of mycobacteria, teichoic acids of
gram-positive bacteria, lipopolysaccharides of gram-negative bacteria, and viral
polynucleotides [54]. In genetically predisposed individuals, some strong and
persistent Th1 responses against bacteria may often result in immunopathologi-
cal reactions, such as Lyme disease induced by Borrelia burgdorferi [55], or reac-
tive arthritis following infection with Yersinia enterocolitica [56]. A further exam-
ple of Thl polarization of the specific immune response is provided by
Helicobacter pylori infection. Mice infected with H. felis show a Th1 response with
local and systemic production of IFN-y and undetectable levels of IL-4 and IL-5.
In vivo neutralization of IFN-y resulted in a significant reduction of gastric
inflammation [57]. H. pylori-infected patients with duodenal ulcer showed IFN-y,
TNF-a and IL-12, but not IL-4, expression in vivo [58].

Strong evidence supports the concept that allergic disorders result from a Th2-
type response to certain groups of ubiquitous antigens that can activate the
immune system after inhalation, ingestion, or penetration through the skin (aller-
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gens). In atopic subjects, in vitro T-cell response to allergens is preferentially due
to Th2-like cells [59, 60]. T cells that accumulate in the target organs of allergic
patients preferentially express the Th0/Th2 profile [61-64]. In vivo challenge with
the clinically relevant allergen results in the local activation and recruitment of
allergen-specific Th2-like cells [65, 66]. Successful specific immunotherapy asso-
ciates with upregulation of Thl responses [67] and downregulation of allergen-
reactive Th2 cells [67-69]. Either alterations in [L-4 gene regulation, or in cytokine
genes responsible for inhibition of Th2-cell development (e.g. IFN-a or y, IL-12
and IL-18) may account for the the preferential Th2-type response to environ-
mental allergens in atopic subjects. Overexpression of the genes for IL-3, IL-5, or
granulocyte-macrophage colony-stimulating factor (GM-CSF), located together
with IL-4 and IL-13 genes within the same cluster on chromosome 5, can also
explain the Th2-dominated response of allergic subjects [70].

Thi-type effector mechanisms, such as DTH and Cytolytic T Lymphocyte
(CTL) activities, are supposed to play a central role in acute allograft rejection
[71]. Proteins and transcripts for intragraft IL-2, IFN-y and the CTL-associated
marker, granzyme B, were found in allografts undergoing acute rejection [71].In
a recent study, T-cell clones derived from kidney grafts of patients during acute
phase of rejection showed a clear-cut Thl cytokine profile and effector functions
[72]. Interestingly, the amounts of IFN-y producted by graft-derived T-cell clones
significantly correlatated with the degree of interstitial graft infiltration, suggest-
ing that IFN-y contributes, at least in part, to the degree of graft infiltration and
to the severity of the rejection episode [72]. The production of Th2-type
cytokines may be critical for the induction and maintenance of allograft toler-
ance. Several in vivo studies on the cytokine network during tolerance induction
showed decreased IL-2/IFN-y and increased IL-4/IL-10 transcription [73].

The embryo, because of expression of paternal major histocompatibility com-
plex (MHC) antigens, resembles an allograft which is not rejected by the mater-
nal immune system until the time of delivery. This apparent paradox has recent-
ly been ascribed to a Th2 switch occurring at the fetomaternal interface, allowing
fetal survival through inhibition of Thl response [74]. Recent data indicate that
progesterone promotes the preferential development of a local Th2-type atmos-
phere that favors fetal survival by inhibiting Thl-mediated rejection [75].
Leukemia inhibitory factor (LIF) and IL-11, both Th2-related cytokines, are
essential at maternal decidual level for female reproduction, the former being
important at the time of embryo implantation [76] and the latter soon after
implantation [77]. Interestingly, concentrations of progesterone or LIF compara-
ble to those present at the fetomaternal interface were found to favor the prefer-
ential development of Th2 cells in vitro, whereas relaxin (another corpus luteum-
derived hormone) favors the development of a predominant Thl response, which
is required at time of delivery. Thus, defective production of Th2 cytokines and
LIF at the fetomaternal interface may contribute, at least in part, to premature
rejection (unexplained abortion) of the conceptus [78].
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Th1/Th2 Network in Autoimmune Diseases

Evidence from animal models and human disorders suggests that Th1 cytokines
are involved in the genesis of organ-specific autoimmune diseases, whereas a less
polarized cytokine pattern has been found in systemic autoimmune diseases. A
prevalent Thl cytokine profile was found in target organs of patients with
Hashimoto’s thyroiditis, multiple sclerosis, or type 1 diabetes mellitus, whereas a
less restricted pattern of Th response was found in rheumatoid arthritis and
Sjogren’s syndrome. Patients with systemic lupus erythematosus or systemic scle-
rosis rather show a prevalent Th2 pattern (reviewed in [79]) (Table 3).

Active lesions of multiple sclerosis (MS) patients are characterized by lympho-
cyte (mainly CD4* T cells) and macrophage infiltration in the brain [80]. The pos-
sible role of Th1/Th2 imbalance has been extensively investigated in experimen-
tal autoimmune encephalomyelitis (EAE). Most T-cell clones derived from mice
immunized with myelin basic protein peptides exhibited a Th1 pattern (reviewed
in [79]). At the peak of disease severity, perivascular infiltrates in the brain stained
positive for IL-2 and IFN-y, whereas recovery was associated with the appearence
of TGF-B1 and IL-4 [81]. The presence of IL-4 in the brain of animals recovering
from EAE led to the hypothesis that disease remission might be related to the
presence of antigen-specific Th2 cells. Accordingly, Th2 clones specific for myelin
basic protein or proteolipid protein (PLP) and producing high amounts of IL-4
and IL-10 did not induce EAE, but rather suppressed the induction of EAE when
mixed in adoptive transfer with Th1 clones [82].1t has been shown that mice with
disrupted IFN-y gene are still susceptible to the induction of EAE [83]. Several
studies have suggested a pathogenic role for TNF-a and IFN-y in human MS.
High levels of TNF-a were found in the cerebrospinal fluid (CSF) of patients with
chronic progressive MS [84]. Most T-cell clones derived from the CSF of patients
with MS showed a Th1 profile [85], and increased numbers of IFN-y-producing T
cells were found in CSF of MS patients [86]. T-cell clones specific for PLP peptides
generated from MS during an acute attack showed the Thl pattern, whereas a
more heterogenous cytokine profile was found in the same patients during remis-
sion. High LAG-3 expression and soluble LAG-3 (sLAG-3) production by T-cell
clones generated from the CSF of MS patients were found and high levels of
SLAG-3 were detected in the serum of patients with relapsing-remitting MS [16].
Interestingly, IL-12p40, but not other cytokines, was upregulated in acute MS
plaques in early disease [80], suggesting a preeminent role for this cytokine in the
induction of a Th1l-type autoimmune response.

Several studies showed that T cells from lymphocytic thyroid infiltrates of
patients with Hashimoto’s thyroiditis or Graves’ disease had a clear-cut Thl pro-
file, with high production of TNF-a, IFN-y, and strong cytolytic potential [87-89].
Likewise, a homogenous Thl profile was also observed in CD4* T-cell clones
derived from retroorbital infiltrates of patients with Graves’ ophthalmopathy
[90]. Recent studies on the cytokine profile of thyroid antigen-specific T-cell
clones showed that the majority of thyroid peroxidase (TPO)-specific clones had
a Th1 profile, whereas the cytokine pattern of clones specific for thyroid-stimu-
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lating hormone receptor resembled that of Th0 or Th2 cells [91]. Even though the
initiating events are still unclear, it is reasonable to suggest that the thyroid
microenvironment allows the expansion of autoreactive clones with either a Thl
pattern or a less polarized profile, which promote the synthesis of pathogenic
autoantibodies.

Crohn’s disease, a disorder characterized by chronic inflammation of the gas-
trointestinal tract unrelated to a specific pathogen [92], provides another exam-
ple of Thl polarization. Increased expression of mRNA for IL-2 and IFN-y was
found in the gut mucosa of patients with active Crohn’s disease, whereas IL-4
mRNA expression was frequently undetectable [93]. T-cell clones generated from
the colonic mucosa of patients with Crohn’s disease were found to produce high-
er levels of IFN-y, but significantly reduced IL-4 and IL-5, in comparison with T-
cell clones derived from patients with noninflammatory bowel disorders. High
numbers of both activated CD4* T cells showing LAG-3 and IFN-y reactivity, and
IL-12-containing macrophages were found in inflammatory gut infiltrates from
patients with Crohn’s disease, but not in controls. Addition of anti-IL-12 antibody
to cultures of T cells recovered from the gut mucosa of Crohn’s disease patients
inhibited the development of IFN-y-producing T cells, suggesting that in situ IL-
12 production plays a role in the development of Th1 cells at intestinal level [94].

An imbalance between Th1 and Th2 cytokines has been suggested to occur in
patients with systemic lupus erythematosus (SLE). A balance in favor of Th2
cytokines may contribute to the increased B cell activation characteristic of SLE.
This hypothesis was raised by the notion that Th2 cells are essential in the induc-
tion of the autoimmune alterations observed in animals following exposure to
some chemicals, such as gold salts and mercurials [95]. The mechanism by which
these chemicals induce Th2 cells may be related to their ability to trigger IL-4 pro-
duction in genetically susceptible animals [96]. Analysis of cytokine production
at single cell level showed that SLE patients have lower numbers of cells produc-
ing Thl cytokines, but higher proportions of cells secreting Th2 cytokines than
normal controls [97, 98]. Further support to the hypothesis of a preferential acti-
vation of cells producing Th2-type cytokines was recently provided by the obser-
vation in SLE patients of high serum levels of sCD30, which appeared to correlate
with disease activity [99]. However, the predominant activation and pathogenic
role of Th2 cells in human SLE still remains to be established. More solid evidence
for a predominant activation of Th2 cells has been obtained in progressive sys-
temic sclerosis (SSc), a disorder characterized by inflammatory and fibrotic
changes in the skin (scleroderma) and other organs. Different cytokines, includ-
ing IL-1a and IL-1, IL-6, TNF-, and TGF-f, may modulate fibrosis or promote
vascular damage due to their ability to affect fibroblast activities, such as growth
or production of extracellular matrix, collagenase and prostaglandins [100]. IL-4
as well induces human fibroblasts to synthesize extracellular matrix proteins and
stimulates the growth of subconfluent fibroblasts [101]. Interestingly, peripheral
blood mononuclear cells from patients with SSc tend to produce higher amounts
of IL-2 and IL-4 than do controls [102]. Recent studies showed spontaneous IL-4,
IL-5 and CD30 mRNA expression in peripheral blood T cells from the majority of
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SSc patients, whereas no spontaneous mRNA expression for IFN-y or IL-10 was
found. Accordingly, high proportions of CD4* T cells in the perivascular infiltrates
of the skin from SSc patients were CD30%, and high levels of sCD30 were detected
in the serum of the majority of SSc patients, particularly in those with active dis-
ease [103]. These data suggest predominant activation of Th2 cells in SSc and sup-
port the view that abnormal and persistent IL-4 production may play an impor-
tant role in the induction of fibrosis.

Conclusions

The Th1/Th2 cytokine network provides a useful model for explaining both the
different types of immune protection and the pathogenetic mechanisms of sever-
al immunopathological disorders. The development of polarized Thl or Th2
responses depends on both individual genetic background and environmental
factors, especially cytokines of the “natural immunity” at time of antigen presen-
tation. Th1-dominated responses are potentially effective in eradicating infec-
tious agents, particularly those hidden within host cells. When Th1 response is
poorly effective or exhaustively prolonged, it may result in host pathology.
However, polarized Th2 responses provide incomplete protection against the
majority of infectious agents, and thus, they may be regarded as part of down-
regulatory or suppressor mechanisms for exaggerated and inappropriate Thl
responses.

The Th1/Th2 concept applied to the study of immunopathology revealed that
a number of diseases are mediated by Th1 cells, the clearest examples being mul-
tiple sclerosis, type 1 diabetes mellitus and thyroid autoimmunity. In other disor-
ders, Th1/Th2 polarization is less prominent, whereas Th2 responses tend to pre-
dominate in progressive systemic sclerosis or allergic diseases. In animal models,
Th1/Th2 switching resulted in prevention of different diseases. Therefore, modu-
lation of the Th1/Th2 cytokine network might represent a potentially useful ther-
apeutic tool also for human diseases.
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Chapter9

Lymphocyte Trafficking in the Central Nervous System

H. LASSMANN

Introduction

The central nervous system (CNS) is separated from the peripheral immune sys-
tem by the blood-brain barrier. This tight barrier system impedes the exchange of
cells and inflammatory mediators between the nervous tissue and the blood.
Thus, for our understanding of the pathogenesis of brain inflammation, essential
questions deal with the mechanisms of normal immune surveillance, the routes
and mechanisms by which immune cells are recruited into the brain, how
immune cells recognize their specific brain targets, and finally how they are
cleared from established lesions during recovery. Basic principles regarding these
questions have been recognized during recent years, and these will be discussed
in this short review.

Immune Surveillance

Although the intact blood-brain barrier is impermeable for most cellular compo-
nents of the immune system, activated T lymphocytes can pass quite readily [1,
2]. Thus T cell activation, which occurs in conditions of peripheral immune acti-
vation, allows the cells to enter the CNS and search for their specific antigen. In
the absence of antigen they are quickly cleared from the nervous system [2]. It is,
however, not clear whether they actively leave the CNS or are locally destroyed. In
contrast, in situations in which antigen is recognized, a cascade of events leads to
the secondary recruitment of other immune cells (e.g. macrophages, B cells and
in some instances granulocytes), the entry of antibodies and inflammatory medi-
ators, and thus the initiation of an inflammatory process.

Migration of Inmune Cells Through the Blood-Brain Barrier

At present, little is known about the molecular mechanisms that guide the pri-
mary activated T cells, which start the inflammatory cascade, into the brain. It is
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likely that adhesion molecules on brain endothelial cells are involved, as they are
in secondary recruitment of inflammatory cells into established lesions.However,
under normal conditions the expression of adhesion molecules is very low [3-5]
and the specific binding partners for the subset of activated T cells have not been
identified.

In contrast, when an inflammatory focus is established, there is massive
endothelial expression of different adhesion molecules, the most important being
selectins, ICAM-1 and VCAM [4-7]. In addition, the local expression of
chemokines by hematogenous and resident cells [8-10] as well as the expression
of chemokine receptors on the respective infiltrating immune cells apparently
potentiate the inflammatory response. In addition to the classic chemokines, cer-
tain neuropeptides can exert chemotactic functions [11, 12] and modify the qual-
ity and quantity of the inflammatory response in the brain [13].

The routes of leukocyte egress in brain vessels may be different for different
cell populations. Whereas lymphocytes seem to travel through channels formed
by the endothelial cells themselves [14, 15], granulocytes and monocytes may
preferentially pass through disrupted interendothelial tight junctions [16].

Local Antigen Recognition in the CNS

When T cells pass through the blood-brain barrier, they are confronted with local
antigen. In the CNS there is a hierarchy of major histocompatibility complex
(MHC) expression. In normal conditions MHC antigens are restricted to perivas-
cular and meningeal macrophages. In a mild proinflammatory environment, it is
primarily the microglia cell population that is activated and expresses class I and
IT MHC antigens. Only when extremely severe proinflammatory stimuli are pre-
sent can MHC antigens additionally be found on neuroectodermal cells, in par-
ticular astrocytes and ependymal cells [17].

Interestingly, MHC expression on meningeal and perivascular macrophages is
sufficient to trigger the complete spectrum of T cell-mediated brain inflamma-
tion, even in situations when the respective T cells are directed against an anti-
gen of myelin or oligodendrocytes [18, 19]. This implies that CNS antigen has to
be released from its local stores into the brain extracellular space, diffuse to the
perivascular or meningeal compartment, and be recognized there by the specif-
ic T cells. To what extent local MHC expression on microglia and neuroectoder-
mal cells may modify the pattern of brain inflammation is so far undetermined
in vivo.

An important question relates to the fact that under normal conditions MHC
expression is practically absent on cells residing in the nervous parenchyma. It
has recently been shown that MHC expression on neurons as well as on neigh-
boring glia cells is downregulated as long as electrical activity of neurons is main-
tained [20, 21]. In contrast, when electrical activity is blocked - for instance by
tetrodotoxin - a prominent upregulation of MHC expression occurs not only in
glia cells but even in the neurons themselves. This may be an important aspect of
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immune privilege of the nervous system by protecting functionally active ner-
vous elements against a cytotoxic assault of immune cells in both autoimmune
and infectious conditions.

Clearance of T Cells from Established Inflammatory CNS Lesions

In the model of passive transfer of autoreactive T cell lines, the paradigm of acute
monophasic T-cell-mediated brain inflammation, a peak of inflammatory reac-
tion is reached 4-6 days after intravenous transfer of the cells. Thereafter, inflam-
mation subsides rapidly, leaving only few scattered T cells within the brain lesions
at day nine. Thus, within a short time span of 3 days, huge numbers of T lympho-
cytes are cleared from the lesions. How do these cells disappear? Do they migrate
back into the circulation and the lymphatics or are they locally destroyed?

Pender et al. [22] first drew attention to the abundance of cells undergoing
apoptosis in acute experimental allergic encephalomyelitis (EAE) lesions, sug-
gesting that most of the dying cells are either T cells or oligodendrocytes. In a
more detailed quantitative study it became clear that most of the apoptotic cells
in fact are T lymphocytes, and that at the peak of disease 30%-40% of the local
T cell infiltrate dies simultaneously [23]. Considering the short time lapse
between earliest morphological signs of apoptosis and complete dissolution of
apoptotic cells in vitro, it is likely that over a 24-hour time period more than
three times the total infiltrating T cell population in these acute inflammatory
lesions is cleared by programmed cell death. This suggests that the inflammato-
ry reaction can only be maintained as long as there is a continuous influx of T
cells from the peripheral circulation. A similar process of T cell clearance has
been observed at other so-called immunoprivileged sites, such as the peripheral
nervous system and the eye [24, 25], but not in inflammatory conditions in skin,
muscle or other organs [23, 26, 27].

The question of which T cell populations are affected by apoptosis in the CNS
has recently been addressed by Bauer et al. [28]. Transfer experiments with pre-
labeled T cell populations showed that the autoantigen-specific as well as the sec-
ondarily recruited T cell populations are equally destroyed. Furthermore, T cells
with specificities which cannot be found at all in the CNS, such as ovalbumin,
undergo apoptosis when cotransferred together with myelin basic protein (MBP)-
reactive autoimmune T cells. The relative proportion of dying T cells was also
independent from their state of activation at the time of transfer.

Similar patterns of T cell elimination have recently been described in the eye,
where the expression of Fas ligand on local resident cells may provide the death
signal for infiltrating T cells expressing Fas receptor [25, 29]. Indeed, defective T
cell elimination from eye lesions has been reported in animals with genetic dele-
tion of Fas ligand or Fas receptor. In contrast, the situation appears to be differ-
ent in the brain. T cell apoptosis is qualitatively and quantitatively similar in Fas
ligand-deficient animals with autoimmune encephalomyelitis compared to wild-
type animals (Bachmann et al., unpublished). Similarly, deletion of the genes for
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perforin, inducible nitric oxide (i-NOS) or interleukin-1 converting enzyme (ICE)
showed no effect on apoptotic elimination of T cells. These data suggest that the
CNS harbors a specific basic mechanism of T cell clearance which follows differ-
ent mechanisms as compared to those in the peripheral immune system.

In addition to this basic mechanism of T cell clearance, there appears to be
another way of T cell elimination affecting the antigen-specific population.
Treatment of EAE animals with high doses of soluble antigenic peptide not only
ameliorates disease but also dramatically increases the rate of T cell apoptosis
within the lesions [30]. This effect appears to depend upon functional signaling
through the tumor necrosis factor (TNF) receptor-1 (TNFR1) pathway, since anti-
TNF treatment abolishes the effect of soluble antigen treatment on T cell apopto-
sis (A. Weishaupt et al., unpublished). In mice with chronic demyelinating EAE,
the rate of T cell apoptosis in the lesions is significantly increased in animals with
active demyelination in comparison to those with inactive disease. In contrast,
EAE animals with impaired TNFR1 signaling pathway show a significant 50%
reduction of T cell apoptosis in the lesion, and its increase during demyelinating
activity is abolished (Bachmann et al., unpublished).

These data suggest that within the nervous system, two independent pathways
of T cell elimination exist. A basic mechanism involves all incoming T cells and
possibly occurs by intrinsic signals provided by resident cells in the CNS. This
basic mechanism can be augmented by a second pathway which affects the anti-
gen-specific population selectively, depends upon the local liberation of antigen,
and requires intact TNFR1 signaling. It has, however, to be emphasized that clear-
ance of inflammation by local destruction of inflammatory cells has so far only
been shown unequivocally for T lymphocytes. The pathways by which other
immune cells, such as macrophages or B lymphocytes, are cleared from inflam-
matory CNS lesions are unknown.

Conclusions

The data discussed above suggest that immune privilege of the CNS is accom-
plished by three major mechanisms. First, passage of hematogenous cells through
the normal blood-brain barrier is restricted to a small population of activated T
cells. This is apparently due to the low expression of adhesion molecules and
chemokines under normal conditions and guarantees selective immune surveil-
lance. However, once inflammation starts, an immunological cascade similar to
that in other vessels of the body occurs. Second, there is active downregulation of
MHC expression and antigen presentation associated with electrical activity of
intact CNS tissue. Finally, immune control is further maintained by efficient and
selective destruction of T lymphocytes within the CNS parenchyma. The latter
mechanism may be instrumental to avoid generalized autoimmunity following
inflammation of the CNS.
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Chapter 10

Antigen Presentation in the Central Nervous System

F. Avoist

Relative Inmune Privilege of the Central Nervous System

Immune-privileged sites such as the central nervous system (CNS), eye and testes,
are physiologically adapted to protect their delicate structures and functions
from damaging inflammatory responses. Major features contributing to the
immune privilege of the CNS include: the blood-brain barrier (BBB) - the tight
endothelial junctions of the brain vasculature that limit access of plasma proteins
and blood-derived cells to the CNS; the lack of a conventional lymphatic system;
the absence within the CNS parenchyma of dendritic cells, the most potent anti-
gen-presenting cells (APC) for initiation of T cell responses; and the paucity of
class I and class II major histocompatibility complex (MHC) molecules on resi-
dent CNS cells.

These features are indicative of a deficient immune environment in the CNS.
However, immune responses directed against neurotropic pathogens and CNS
autoimmune diseases can develop naturally or be induced in laboratory animals,
indicating that the immune system can detect and destroy antigens within the
CNS. Experimental evidence supports the view that the CNS is continuously and
effectively patrolled by the immune system. The demonstration that monocytes
and activated T cells traffic slowly through the normal CNS [1-3] and that the
CNS microenvironment is able to regulate immune responses [4-6] has shed light
on the mechanisms underlying immune surveillance and active maintenance of
immune privilege in the CNS.

Antigen Recognition in the CNS

Because humoral and cell-mediated immune responses are initiated in lymphoid
organs and because the CNS parenchyma lacks both lymphatic drainage and den-
dritic cells (that in most other tissues take-up potential antigens and transport
them to lymphoid organs to initiate immune responses [7]), the issue of whether
antigens leave the CNS to reach the lymphoid organs has been the focus of sever-
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al studies. Cserr and Knopf [4] have demonstrated that soluble antigen injected
into the CNS parenchyma can escape the CNS via non-lymphatic routes (mainly
the lamina cribrosa of the olfactory nerve and the arachnoid villi), reach the cer-
vical lymph nodes and elicit a humoral immune response. Soluble antigen deliv-
ered to the normal CNS also elicits an intrathecal antibody response, suggesting
that B cells can traffic through the intact BBB and be retained at the site of anti-
gen deposition [8]. B cell trafficking to the CNS and intrathecal antibody respons-
es are well documented in infectious and autoimmune CNS diseases with a com-
promised BBB [9, 10], indicating that the local humoral immune response may
serve to neutralize or opsonize antigen.

In contrast to soluble antigens, tissue grafts or pathogens delivered to the CNS
parenchyma are inefficiently or not at all recognized by the immune system.
Allogeneic transplants placed in the CNS are rapidly rejected only when the same
tissues are concomitantly grafted to a peripheral site [11]. Matyszak and Perry
showed that heat-killed bacillus Calmette-Guerin (BCG) does not elicit a cell-
mediated immune response when injected into the CNS parenchyma [12].
However, subsequent peripheral immunization with BCG elicits a strong delayed-
type hypersensitivity (DTH) response, and leads to T cell and macrophage recruit-
ment into the CNS, disruption of the BBB, myelin breakdown, and axonal damage
[12]. These experiments demonstrate that the immune system is able to recognize
particulate antigens in the CNS only after peripheral sensitization to the same
antigens.

In most naturally occurring infections of the CNS, pathogens first infect other
tissues. Therefore, it is likely that dendritic cells in the periphery take-up neu-
rotropic infectious agents for presentation to naive T cells and only subsequently
are peripherally primed T cells recruited into the infected CNS where they recog-
nize antigen on local APC. Although dendritic cells are not present in the CNS
parenchyma proper, small numbers of dendritic-like cells have been detected in
some CNS-associated compartments, such as the meninges and the choroid
plexus, a vascular formation ensheathed by epithelial cells which projects into the
cerebral ventricles and is responsible for the secretion of cerebrospinal fluid
(CSF) [13, 14]. In the stroma of the choroid plexus from patients with acquired
immunodeficiency syndrome (AIDS), a population of MHC class II-positive den-
dritic cells infected by HIV-1 has been described [15]. These observations suggest
not only that dendritic cells of the choroid plexus represent a potential reservoir
of HIV-1 in the CNS but also that these cells may initiate virus-specific immune
responses.

Some dendritic cells have also been detected in the perivascular inflammatory
infiltrates in experimental autoimmune encephalomyelitis (EAE) and in DTH
lesions induced in response to BCG sequestrated in the CNS parenchyma [13].
Dendritic cells recruited into the CNS may be involved in the presentation of
pathogenic antigen or of auto-antigen generated during tissue damage, and thus
may contribute to the perpetuation of the inflammatory process. Detailed studies
on the expression of adhesion/costimulatory molecules or other markers associ-
ated with dendritic cell maturation and on the intracerebral synthesis of
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chemokines active on dendritic cells are still lacking. This could provide impor-
tant information on the functional status and mechanisms of recruitment of den-
dritic cells in the inflamed CNS.

The recruitment and fate of CD4"* T cells targeted to CNS auto-antigens have
been extensively investigated in EAE, an animal model of CNS autoimmune dis-
ease. EAE is induced either by immunization with CNS antigens or by adoptive
transfer of T cells sensitized in vitro to myelin basic protein (MBP) or to other
myelin components [16]. It is mediated by T helper (Th) 1 cells which, after
migration across the BBB, recognize the target antigen on local CNS APC and
secrete the proinflammatory cytokines interferon (IFN)-y, interleukin (IL)-2, and
tumor necrosis factor (TNF)-B, leading to neurological deficits and myelin
destruction [17]. Recognition of CNS antigens by autoreactive CD4* T lympho-
cytes is thought to be involved in the pathogenesis of multiple sclerosis (MS), a
chronic disease characterized by the presence of inflammatory infiltrates in the
white matter, breakdown of the BBB, macrophage/microglia activation, myelin
destruction, astrocytosis and eventually axonal loss [18]. Although the etiology of
MS is still unknown, viral infections are believed to play a role in the initiation of
CNS autoimmunity, either because a virus shares amino acid sequences or con-
formations with CNS proteins (molecular mimicry) or because a viral infection
may induce an immune response leading to the aberrant activation of autoreac-
tive T cells [19, 20]. Identification of the cell types that function as APC in the CNS
has long been considered a crucial issue for understanding the immunopatho-
genesis of autoimmune demyelinating diseases.

Antigen Presentation by CNS Macrophages
Perivascular Cells and Other CNS-Associated Macrophages

Perivascular macrophages located within the basal lamina of microvessels in the
CNS parenchyma, and macrophages present in the stroma of the choroid plexus
and meninges are thought to play an important role in CNS immunosurveillance.
Studies in radiation bone marrow-chimeric animals have shown that perivascu-
lar and meningeal macrophages are continuously replaced by hematogenous
cells, indicating that the CNS is ensheathed by a renewable, small pool of phago-
cytic cells which act as first-line scavengers [2]. Perivascular macrophages are
also the first cells interacting with leukocytes entering the CNS during infection
or autoimmunity. These phagocytes show constitutive expression of class I and
class II MHC molecules, which is enhanced during CNS inflammation [5, 21].
Perivascular cells also express T-cell costimulatory molecules in autoimmune
CNS diseases [22]. Studies performed in bone marrow-chimeric animals after
induction of EAE have shown that perivascular cells and other CNS-associated
macrophages play an important role in presenting antigen to autoreactive T cells
[23]. Moreover, when these cells were isolated from the CNS of normal rats, they
acted as APC capable of stimulating T cell proliferation and cytokine secretion ex



92 F. Aloisi

vivo [24]. Whether these phagocytes migrate out of the CNS and prime T cells in
peripheral organs has not been demonstrated and is indeed difficult to prove
experimentally.

Microglia

In addition to the above-mentioned mononuclear phagocytes, which are associ-
ated with the CNS but do not reside in the brain parenchyma proper, the CNS har-
bors a network of resident, silenced tissue macrophages called microglia which
can transform into potent immune effectors cells [5]. Unlike all other cell types in
the CNS, microglia derive from bone marrow progenitors that enter the CNS dur-
ing embryogenesis. In normal conditions, microglia are ramified non-phagocytic
cells that lack or express low levels of typical macrophage markers (e.g. CD14,
CD45, Fc receptors). In contrast to perivascular cells, microglia represent a stable
cellular pool and show a slow turnover with hematogenous cells [2]. The main
function of microglia in the adult CNS is to respond to even minor alterations in
brain homeostasis and to undergo progressive activation leading to the acquisi-
tion of a macrophage phenotype [5, 25]. Activated microglia secrete cytokines
(e.g. IL-1, TNF-a, transforming growth factor beta (TGF-B), and chemokines),
display cytostatic and cytotoxic potential, and become phagocytic when neuronal
or myelin damage occurs.

Microglia are the only intraparenchymal cell type expressing class 11 MHC
molecules in the normal adult CNS [26, 27]. In the human CNS, class II MHC
expression has been detected mainly on microglia in the white matter, whereas in
different rodent strains class Il MHC levels are either undetectable or detectable
only on a small percentage of microglia. Upregulation of MHC molecules is one
of the first signs of microglia activation in response to a wide range of damaging
stimuli. In humans, high levels of class II MHC molecules have been detected on
activated microglia in the CNS of individuals with MS and neurodegenerative or
virus-induced diseases [26-30].

Activated microglia display several features that allow them to function as effi-
cient APC. They take-up particles and microbes by phagocytosis, express recep-
tors such as Fcy that mediate active endocytosis, and process protein antigens
efficiently [5, 31-33]. Microglia express several adhesion/costimulatory molecules
that interact with receptors on T cells to promote APC-T cell adhesion and acti-
vation, such as CDl1la, CD40, CD54, CD80 and CD86 [22, 34-36]. Moreover,
microglia can secrete IL-12 [37, 38], a cytokine which enhances both innate and
acquired immunity and has a pivotal role in the generation of Th1 responses [39].
These properties are readily upregulated in vitro by inflammatory stimuli (e.g.
IFN-y or bacterial components) or can be demonstrated in activated microglia in
MS lesions or in EAE, Cultured microglia from rat or human brain act as efficient
APC for the activation of naive, memory and differentiated T cells [32, 33, 40-42].
Microglia from mouse brain restimulate very efficiently both Th1 and Th2 cells,
inducing T cell proliferation and cytokine secretion [43]. This suggests that anti-
gen-presenting microglia enhance pro-inflammatory Th1 responses - involved in
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host defense, virus-induced tissue damage and autoimmunity - as well as Th2
responses with anti-inflammatory and Th1-downregulatory effects [44]. In a hier-
archy of APC, microglia appear to be as efficient as dendritic cells and much more
efficient than B cells in the restimulation of effector T helper cells, but are less
potent than dendritic cells in T cell priming [45]. Interactions between microglia
and T cells represent an important trigger for microglia activation and upregula-
tion of APC function [46, 47]. In the Th1-mediated disease EAE [38], and during
antigen presentation to Th1 cells in vitro [48], microglia secrete IL-12 that may
favor the development of Th1 responses during CNS infection and autoimmunity.

Collectively, the available in situ and in vitro evidence indicates that microglia
may contribute to the reactivation of T cells infiltrating the CNS. This function is
particularly relevant in MS where phagocytosis of myelin by class II MHC-posi-
tive microglia could play an important role in the presentation of myelin antigens
to CD4" T cells [19, 49]. According to Ford et al. [46] who studied the APC func-
tion of microglia in a rat model of graft-versus-host disease, activated microglia
only partially induce T cells, leading to: increased T cell volume but no prolifera-
tion; secretion of IFN-y and TNF-a but not IL-2; and T cell death by apoptosis. T
cell apoptosis following antigen-specific microglia-T cell interactions may be
involved in the termination of effector T cell responses within the CNS.

MHC Molecule Expression on Neuroectodermally-Derived Cells
Astrocytes

Astrocytes are the most abundant CNS glial cell type. The main function of astro-
cytes in the adult brain is to support neuronal activity and metabolism [50]. By
extending their processes around brain microvessels, astrocytes together with
microglia, constitute the perivascular glia limitans. Expression of class I and class
IT MHC molecules on astrocytes is absent in the normal brain and generally low
or undetectable in neuroinflammatory diseases. Few studies, however, have
reported the presence of some class II MHC-positive, reactive astrocytes in MS
lesions and during viral infection in mice [51, 52]. Intracerebral injection of IFN-
y induces class II MHC expression mainly on microglia, but also on a few astro-
cytes [53]. From these in situ studies it appears that astrocytes have a marginal
role as APC in the inflamed CNS. In the mid 1980s, astrocytes were the first CNS
cell type found to act as APC and to stimulate T cell proliferation [54]. At least in
vitro, class I and class II MHC and adhesion molecules (CD54, CD106) are
induced on astrocytes by IFN-y, IL-1 or TNF-a [55]. Despite conflicting results,
the actual view is that cultured astrocytes are inefficient in processing and pre-
senting protein antigen for the restimulation of T cells [41, 43], are unable to
prime T cells [45, 56], do not express costimulatory molecules [22, 43], and fail to
secrete IL-12 [37]. Astrocytes are however able to present synthetic antigenic pep-
tide and to activate Th2 cells as efficiently as dendritic cells and microglia, in con-
trast to their poor capacity to restimulate Th1 cells [43]. This suggests that, in the



94 E. Aloisi

presence of appropriate peptides (possibly generated during immune-mediated
CNS damage), astrocytes could contribute to the restimulation of Th2 cells secret-
ing anti-inflammatory cytokines (IL-4, IL-10). Cultured astrocytes can induce T-
cell apoptosis [57], suppress activation of T cells triggered by other APC [58, 59],
and inhibit class II MHC, CD54 [60], and IL-12 [37] expression in macrophages
and microglia, possibly via secretion of anti-inflammatory mediators such as
TGF-B and prostaglandin E,. Collectively, these in vitro findings suggest that
astrocytes may play a role in preventing or limiting CNS inflammation.

Oligodendrocytes

Oligodendrocytes, the myelin-forming cells of the CNS, can be infected by sev-
eral neurotropic viruses. Myelin is thought to be the primary target of autoim-
mune attack in MS [61]. At present there is no convincing evidence that oligo-
dendrocytes express class I or class II MHC molecules in situ, suggesting that
oligodendrocytes may escape immune recognition by CD8* and CD4" T lym-
phocytes. However, cultured oligodendrocytes express class I MHC molecules
after treatment with IFN-y and TNF-a or virus infection ([62] and references
therein), and are lysed by MBP-specific CD8* T cell lines [63]. According to some
studies [64, 65], oligodendrocyte damage in MS could be mediated by y6 T cells
which may recognize antigen (possibly heat shock proteins) in a non-MHC-
restricted manner.

Work by Linington and collaborators in the EAE model indicates that antibod-
ies against proteins expressed on the myelin surface (particularly myelin oligo-
dendrocyte glycoprotein) may play a major role in CNS demyelination during T-
cell-mediated inflammation [66]. Antigen-antibody complexes on the myelin sur-
face may bind to complement or to Fc receptors expressed on activated
macrophages and microglia, leading to myelin phagocytosis and destruction.

Neurons

Lack of class I MHC expression on neurons in situ and in primary cultures has
been implicated as a possible mechanism for viral persistence in the CNS [67].
Neumann et al. [68, 69] have shown that exposure of hippocampal neurons to IFN-
y induces class I MHC heavy chain, f2-microglobulin and TAP1/TAP2 peptide
transporter gene transcription and cell-surface expression of class I MHC mole-
cules. This occurs in a minority of cultured hippocampal neurons after stimula-
tion with IFN-y and is strongly enhanced when the electrical activity of neurons
is suppressed with the sodium channel blocker tetrodotoxin. These findings sug-
gest that negative signals provided during normal bioelectric activity suppress the
inducible expression of class I MHC molecules in neurons; this in turn would
allow neurons to escape immune surveillance. In contrast, infection of neurons
leading to functional damage and loss of bioelectric activity would render neu-
rons susceptible to recognition and elimination by cytotoxic CD8* T lymphocytes.

The limited expression of MHC molecules throughout the CNS parenchyma
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led Wekerle and coworkers to hypothesize that neurons might play a role in
inhibiting MHC expression on surrounding glial cells [70, 71]. Using hippocam-
pal slices, Neumann et al. [71] have shown that electrically active neurons almost
completely suppress the IFN-y-inducible expression of class I MHC molecules on
microglia and astrocytes. Neurotrophins, particularly nerve growth factor, medi-
ated this inhibitory effect [72], indicating that molecules released during normal
neuronal activity can limit the potential for antigen presentation in the CNS. This
implies that neuronal loss or dysfunction results in upregulation of MHC mole-
cules. Futhermore, these observations are consistent with increased class II MHC
expression on activated microglia in human neurodegenerative diseases
(Alzheimer’s disease, Parkinson’s disease, amyotropic lateral sclerosis) [28, 29]
and with the preferential accumulation of encephalitogenic T cells in areas with
neuronal lesions [73].

Based on the available evidence, possible interactions between different CNS
cell types and T cell subpopulations are schematically illustrated in Fig. 1.
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Fig. 1. Possible interactions between T cells extravasating from a CNS capillary and dif-
ferent CNS cell populations. Due to their strategic location close to the BBB and constitu-
tive expression of MHC molecules, perivascular macrophages are likely to be the first APC
interacting with CD8" or CD4" T cells crossing the endothelium of the cerebral microves-
sels. Astrocytes microglia contribute to the formation of the perivascular glia limitans and
may readily interact with T cells infiltrating the CNS parenchyma. Activated microglia
upregulate expression of MHC and adhesion/costimulatory molecules in the inflamed
CNS and function as efficient APC for the activation of CD8* and CD4* (both Thl and
Th2) T cells in vitro. MHC expression is scarcely induced on astrocytes in vivo but at least
in vitro astrocytes are able to present antigenic peptides and to stimulate Th2 cells effi-
ciently. Although there is no clear evidence for MHC expression on oligodendrocytes and
neurons in situ, in vitro studies suggest that both oligodendrocytes and damaged, inactive
neurons could express MHC class I after exposure to IFN-y and present viral or auto-anti-
gens to CD8* cytototoxic T cells. Oligodendrocyte-associated antigens could also be rec-
ognized by y6 T cells in a non-MHC restricted manner
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Influence of the CNS Microenvironment on T Cells

Increasing experimental evidence supports the view that the CNS provides an
unfavorable environment for the propagation of T cell responses. T cells infiltrat-
ing the CNS during EAE do not proliferate [74], whereas T cells recovered from
the CNS of virus-infected mice secrete IFN-y but not IL-2 and do not proliferate
when stimulated in vitro [75]. In EAE, autoreactive encephalitogenic CD4* T cells
undergo apoptosis after being recruited into the CNS parenchyma [76]. T-cell
apoptosis could be the result of activation-induced cell death following antigen
recognition on CNS APC, although it appears that antigen-independent mecha-
nisms are also involved in T cell elimination [77]. Immunoregulatory molecules
present in the CNS parenchyma or CSFE, such as TGF-f, a-melanocyte stimulating
hormone, vasoactive intestinal peptide and gangliosides, are implicated in sup-
pressing T cell responses [4, 75, 78]. Deletion of peripherally activated T cells rec-
ognizing CNS antigen could also occur via Fas-Fas ligand interactions [79], since
Fas ligand appears to be expressed on glial cells in the inflamed CNS parenchy-
ma, on brain tumors, and possibly also on neurons [80-82]. All the above-men-
tioned mechanisms may contribute to terminate T cell responses once they have
been initiated in the CNS and to actively maintain immune privilege in the nor-
mal CNS. Which of the T-cell inhibitory mechanisms operating in the CNS might
fail and contribute to the development of autoimmune CNS diseases is an impor-
tant issue which remains to be explored.
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Chapter 11

Myelination of the Central Nervous System

G.G. CONSALEZ!, V. AVELLANA-ADALID?, C. ALLl!, A. BARON VAN EVERCOOREN?

Developmental CNS Myelination: How Relevant Is It to Multiple Sclerosis?

Multiple sclerosis (MS) results from a combination of genetically determined sus-
ceptibility, environmental factors, viral or bacterial agents, soluble cytokines
released during the inflammatory and autoimmune responses, and probably
other, as yet undetermined etiologic agents. The disease can cause variable
degrees of tissue destruction in the central nervous system (CNS), ranging from
marginal demyelination to complete oligodendrocyte loss, severe glial scarring
[1], and axonal transection. In some instances oligodendrocytes are morphologi-
cally preserved in demyelination plaques and remain capable of differentiating
and remyelinating, as shown in humans and various model systems [1, 3]. In other
cases, however, oligodendrocytes vanish and progenitors have to migrate into the
plaque and proliferate. Adult oligodendrocyte progenitors are different from their
post-natal counterparts, but seem to retain the ability to migrate and proliferate
under the influence of specific growth factors [4]. However, the proliferating pool
is limited, as is its ability to migrate [5, 6].

Besides the intrinsic, immediate effects of demyelination on nervous conduc-
tion, the early downregulation of myelin gene products in response to various
pathogenetic mechanisms may exert its harmful effects by making distal exten-
sions of the glial cell vulnerable, and by causing the presentation of novel antigens
to the immune system. Furthermore, in response to a local inflammatory reac-
tion, a switch may occur in the differentiation of common glial cell progenitors,
leading to preferential differentiation into astrocytes. Astrocyte hyperplasia and
scarring is a prominent feature of MS lesions, and represents a potential obstacle
to remyelination. Oligodendrocyte depletion and astrocyte proliferation may
therefore compromise the clinical picture, ultimately leading to a complete and
permanent inhibition of axonal conduction.

Thus, one important factor in the clinical evolution of the disease lies in the
ability of oligodendrocytes or their precursors to proliferate, differentiate and
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produce remyelination. The physiologic modulation of oligodendrocyte gene
expression in the course of MS can play a major role in setting the outcome of
demyelinating diseases. It is a commonly accepted notion that remyelination in
MS lesions recapitulates some of the molecular mechanisms active during late
embryonic and post-natal CNS development. Therefore, an improved knowledge
of the mechanisms that regulate developmental CNS myelination, including cell
type specification and terminal differentiation of CNS glial cells, is a prerequisite
for the elaboration of rationally designed drugs or gene therapy vectors promot-
ing a remyelinating response.

What Is Glia?

The term neuroglia means “nerve glue”, and reflects Rudolf Virchow’s original
belief that glia is the connective tissue element of the central nervous system [7].
Virchow believed glia to be of mesodermal origin, a conviction later corrected by
Wilhelm His who, in 1889, established the notion that glial cells, just like neurons,
originate from the ectodermal germ layer.

A possible exception to this rule may be represented by microglia, one of the
three main glial cell types present in the CNS. According to the original view [8],
the term microglia defines cells of mesenchymal (not epithelial) origin, that arise
in the pia mater during the prenatal period and remain quiescent until activated
and transformed into macrophages by trauma or infection. More recent work,
however, suggests that these cells can also arise from monocytes leaving the
bloodstream during embryogenesis and going through a series of intermediate
phenotypes, to eventually differentiate into microglia [9]. Thus, microglia might
in fact derive from cells of mesodermal origin. The recognized functions of
microglia in the CNS (Table 1) include phagocytosis of cellular debris, induction
of the chromatolytic response to axotomy (i.e. disappearance of the Nissl sub-
stance coupled with swelling of the neuronal cell body), and a contribution to the
immune response within neural structures.

The term macroglia, on the contrary, designates cells - astrocytes and oligo-
dendrocytes - that are uniquely of neuroectodermal origin, arising in the neu-
roepithelium, or ventricular zone of the neural tube. Although a fundamental role
is played by microglia in the acute phase of demyelinating disorders, here we will
mainly deal with the mechanisms regulating the development of macroglia.

Table 1. Functions of microglial cells (modified from [87] with permission)

Initiation of Schwann cell mitosis
Immune response

Chromatolytic response to axotomy
Phagocytosis of cellular debris
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Table 2. Functions of astrocytes (modified from [87] with permission)

Transport from blood to neurons

Induction of vascular endothelial blood-brain barrier
Axonal guidance

Stimulation of neurite outgrowth

Regulation of neuron morphogenesis
Compartmentalization of neurons

Phagocytosis of cellular debris

Uptake of neuroactive peptides and extracellular glutamate
Production of PDGF and CNTF

Production of IGF

Production of a and b FGF

Production of GMF

Production of NGF

Regulation of extracellular K*

Regulation of blood supply

PDGF, plateled-derived growth factor; CNTF, ciliary neurotrophic factor; IGF, insulin-
related growth factor; bFGF, basic fibroblast growth factor; GMF, glial maturation factor;
NGF, nerve growth factor.

Astrocytes were named by Lenhossék [10], 18 years after their original identi-
fication by Camillo Golgi in 1873. Parallel studies by Koelliker and Andriezen, in
1893, led to their subdivision into protoplasmic and fibrous types. The former
inhabit the white matter, while the latter, characterized by the presence of fibers
in the cytoplasm, are seen mostly in the gray matter. Functions performed by
astrocytes are listed in Table 2.

Lenhossék and Cajal, and in recent times Rakic [11,12] and Choi [13], demon-
strated that astrocytes are the cellular constituents of radial glia, and provided the
earliest example in development of differentiating glial cells. Radial glia have an
early embryonic role in guiding the migration of young neurons to their destina-
tion in the mammalian brain [11, 14] or cerebellum [15, 16], where these cells are
referred to as Bergmann glia. The neural-glial interaction involves reciprocal
recognition between glia and newborn neurons. Interactions between neurons
and glia occur through a number of surface adhesion molecules, mainly astro-
tactin, a protein that provides a receptor system for glia-guided neuronal migra-
tion [17, 18]. At the end of development, astrocytes are active in a wide variety of
functions, including the production of trophic factors and of factors affecting the
growth and guidance of axons, as well as the uptake of neuroactive peptides.

Oligodendrocytes were first discovered by W. Robertson [19, 20], who initially
missed their role in myelination and postulated their mesodermal origin. Later,
they were rediscovered by Rio-Hortega [21] who first distinguished them from
astrocytes by virtue of their shorter and sparser processes. He was the first to con-
jecture that oligodendrocytes might be implicated in myelination of the central
nervous system. He also postulated correctly that astrocytes and oligodendro-
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Table 3. Functions of oligodendrocytes (modified from [87] with permission)

Myelination in CNS
Inhibition of neurite outgrowth
Uptake of neuroactive peptides

CNS, central nervous system.

cytes might stem from a common progenitor migrated into the white matter to
proliferate and differentiate.

The functions of oligodendrocytes are listed in Table 3. Fundamentally, oligo-
dendrocytes are in charge of ensheathing nerve fibers with myelin [22], a key
event in the establishment of efficient nerve conduction. Myelination is the end
point of oligodendrocyte differentiation, and is tightly regulated in post-natal
development. In CNS development, this process is inhibited until the end of neu-
ronal differentiation and axonogenesis, as premature myelination would lead to
inhibition of neurite outgrowth [23].

How Do Progenitors Decide to Become Glia and Not Neurons?

In the CNS, neuronal and glial progenitors are both generated in the neuroep-
ithelium, a pseudostratified epithelium in which cells, tethered at their basal and
apical ends, proliferate by means of a cell-cycle-tied motion of the nucleus and
cell body, that shuttles from the ventricular to the apical end of the layer, and back
(Fig. 1). This process is named interkinetic nuclear migration [24]. The neuroep-
ithelium occupies the ventricular zone of the neural tube, i.e. the layer of colum-
nar cells adjacent to the ventricular cavities and, in the spinal cord, to the central
canal, or prospective ependymal canal. Neuroepithelial cells are referred to as
neuroblasts or neural progenitors, where the term neural designates cells fated to
become glia or neurons.

In reality, different cell-types are present in the ventricular zone, including
multipotent neuron-glia progenitors, as well as cells restricted to form either cell
type (reviewed in [25, 26]). While clonal analysis has demonstrated the existence
of neuronal progenitors in the mouse neural tube very early in development, the
earliest precursors of spinal cord oligodendrocytes are found in the ventral por-
tion of the mouse neural tube at embryonic days 12-14 [27, 28].

Several factors have been implicated in the choice between neuronal and glial
cell fate in mammalians as well as in other model systems more or less distant in
phylogeny (e.g. the fruifly Drosophila melanogaster, the grasshopper, the chick).
In one study by the group of Sally Temple at Albany Medical College [29], murine
neuronal/glial progenitors in cell culture were exposed to increasing levels of the
18 kDa isoform of basic fibroblast growth factor (bEGE, also known as FGF2), a
soluble protein released into the extracellular space either as a result of plasma
membrane damage [30] or through an energy-dependent pathway [31]. In this
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mantle zone/cortical plate
subventricular zone

A

v
prospective ependymal canal/ventricle

Fig. 1. The proliferation of neural (neuronal and glial) precursors takes place initially in
the ventricular zone, a pseudostratified epithelium immediately adjacent to ventricular
cavities or to the prospective ependymal canal. In this epithelial layer, neural precursors
shuttle from the ventricular to the apical end as they cycle mitotically. G1, S, G2,and M rep-
resent phases of the cell cycle. Cells divide (M phase) as they reach the ventricular extrem-
ity of their shuttling range. Proliferating neural progenitors receive important cell type
specification signals in this cell layer. Cells that exit the ventricular zone after mitosis are
found in the thin subventricular zone, where they still proliferate and undergo further dif-
ferentiation. Eventually, they migrate to the mantle region of the neural tube, or to the
telencephalic cortex. (Modified from [88] with permission)

study, neuroepithelial cell clones exposed to low concentrations of bFGF devel-
oped mostly, if not uniquely, as clusters of neuronal progenitors; on the contrary,
neuroblast clones exposed to higher levels of bFGF contained a remarkably
greater percentage of glial cells. Thus, in mammalian systems, bFGF may be part
of a cell-type specification switch controlling the fate of bipotential (neural/glial)
progenitors. A similar role is proposed for thyroid hormone (T3), that orients
embryonic neural stem cells to the oligodendrocyte phenotype [32, 33].
Additional factors affecting the cell fate choice between glia and neurons have
been identified and studied in other model organisms. Perhaps the best charac-
terized one was identified in Drosophila melanogaster, and involves the glial cell
missing (gcm) gene. In parallel, the groups of Corey Goodman at UCB [34],
Yoshiki Hotta in Tokyo [35], and Angela Giangrande in Strasbourg [36] isolated a
factor, eventually classified as gcm, necessary to direct glial fate commitment and
the cell fate switch between neurons and glia. This gene, which encodes a novel
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type of nuclear protein without obvious homologies in protein sequence data-
bases, is active both in the CNS and peripheral nervous system (PNS). An analy-
sis carried out in Drosophila demonstrated that all progeny of cells expressing the
gem gene become glial cells in the PNS and CNS, alike. In gcm mutants, i.e. in flies
carrying molecular alterations of the gene, progenitors fated to become glial cells
became neurons instead; conversely, when the gcm gene was overexpressed in
vivo by transgenic techniques, progenitor cells fated to develop as neurons
switched to become glia. This is true both for the PNS and CNS. Thus, in
Drosophila, gcm represents a master gene in gliogenesis, and commits neuroep-
ithelial progenitors to a nonneuronal fate, in other words it tells them bluntly that
their job is to become glia. This binary switch lays a foundation for the chain of
cell-type specification and differentiation events leading to the production of
mature glial cells in the adult fly.

How does the gem gene function? Work by the group of Christian Klambt in
Koln demonstrated that gem acts by positively regulating two genes, namely
pointed (pnt) [37] and tramtrack (ttk) [38]. The former, encoding two ETS-type
transcription factors, has a role in activating the glial pathway; the latter, encod-
ing two zinc finger transcription factors that function as transcriptional repres-
sors [39], operates in a parallel pathway to suppress neuronal cell fate.

To what extent can Drosophila melanogaster give us clues as to the mechanisms
regulating gliogenesis in mammalians, especially humans? In very general terms,
developmental studies in Drosophila can teach us lessons on the genetic pathways
used by virtually all multicellular organisms in evolution, including humans, to
lay out the basic plan of their bodies and to dictate the cell fate of multipotential
progenitors. Of course, profound differences in the end structures originating
from these developmental processes - in organisms as divergent as humans and
flies — prevent the establishment of precise correlations at the anatomical level;
however, and not surprisingly, homologs of the gcm and pointed genes are present
in the human genome. Further studies of these genes’ expression in mammalian
CNS development will be required to determine whether one can postulate a role
for these factors in mammalian gliogenesis.

How Does a Glial Progenitor Decide Whether to Be an Oligodendrocyte
or an Astrocyte?

So far, we have dealt with some of the mechanisms in glial development up to the
cell fate choice between becoming a neuron and becoming glia. Now, what are the
factors affecting subsequent cell fate choices that are just as dramatic, such as the
choice between turning into cells that make myelin to ensheathe nerve fibers
(oligodendrocytes) or becoming structural and trophic constituents of the white
matter (astrocytes)? The cell fate switch between the two is regulated by influxes
mediated by secreted proteins, and in general by pathways that control the cell fate
specification of neuronal and glial progenitors in vivo during early development.

The neural tube, from which the CNS originates from head to tail, is subdivid-
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ed into major domains along the anteroposterior axis (forebrain, midbrain, hind-
brain and spinal cord) which, in turn, are further partitioned into numerous seg-
ments, each displaying specific identities and performing specific tasks. An equal-
ly complex, albeit somewhat less obvious subdivision also takes place to specify
the dorsoventral polarity of the nervous system. Diffusible signals originate from
the axial mesoderm as well as the lateral mesoderm and nonneural ectoderm to
create concentration gradients of different morphogens and affect the final des-
tiny of pluripotent neural progenitors according to their physical positions along
the dorsoventral axis of the neural tube (Fig. 2).

This developmentally regulated combinatorial code affects the future of neu-
ronal progenitors. Those located on the ventral side of the neural tube receive dif-
fusible signals from the notochord and switch to a motoneuron or ventral
interneuron fate, whereas those positioned close to the dorsal roof plate of the
neural tube acquire fates of commissural and association neurons, as well as neur-
al crest [40]. Similarly, the specification of dopaminergic and serotoninergic neu-
rons in the ventral midbrain requires diffusible signals from the ventral meso-
derm and from the midbrain-hindbrain boundary [41, 42]. Do similar mecha-
nisms regulate the fate of committed glial progenitor cells?

In 1991, the pioneering study performed in Robert Miller’s laboratory, at Case
Western University, provided the first evidence that oligodendrocytes originate
only in ventral regions of the rat spinal cord, to subsequently migrate to other
sites, including the developing dorsal columns [28]. In a later paper [43], the
same group pinpointed the specific place of birth of oligodendrocyte progeni-
tors. Spinal cord explants from E16.5 rat embryos marked with a thymidine ana-
log (BrdU) were analyzed. A monoclonal antibody specific for BrdU and a bat-
tery of markers specific for oligodendrocyte progenitors, mature oligodendro-
cytes and astrocytes, allowed the authors to demonstrate that oligodendrocytes
stem from a distinct cluster of embryonic spinal cord cells located astride the
midline, in the neuroepithelium ventral to the central canal (the prospective
ependymal canal). The stage at which these cells originate corresponds to late
gestation embryogenesis (embryonic days 16-17), with a peak 4 days before birth
in the rat embryo. This stage is clearly posterior to the bulk of neuronal prolif-
eration that peaks before embryonic day 13 in the same organism. At later stages,
this clustering becomes less apparent, and proliferating cells in the CNS are more
uniformly distributed in the ventral and dorsal spinal cord. These cells are capa-
ble of migrating into different areas of the ventricular zone and developing gray
matter, increasing in number and diffusing both ventrally and dorsally. Once
cultured at low density [44], a large majority the labeled cells originating from
the ventral midline differentiate into oligodendrocytes [43]. Further studies con-
ducted by the same group in the chick confirmed the nature of these progenitors
by employing oligodendrocyte lineage-specific markers [45]. In 1996, the group
of Monique Dubois-Dalcq obtained comparable results by analyzing spinal
cords from human fetuses at 45-83 days post-conception [46].

Two papers published in 1996 [47, 48] uncovered the nature of the cell-type
specification signals required to generate oligodendrocytes in the spinal cord.
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0

SHH

Fig. 2a, b. Spinal cord development. a Developmental stages. Transverse sections are shown,
dorsal side up. At the end of gastrulation, the neural plate forms. It is comprised of colum-
nar epithelial cells flanked by nonneural ectoderm (ECT) and underlain by axial (noto-
chord, N) and paraxial (somite, S) mesoderm. During neurulation, the neural plate buckles
at its midline, forming the neural folds and a floor plate (F). The neural tube forms by
fusion of the dorsal tips of the neural folds, generating roof plate cells (R) at its dorsal mid-
line, and neural crest (NC) cells that migrate to form a wide variety of neural and mes-
enchymal structures. Dorsal root ganglia (DRG) derive from postmigratory neural crest,
and contain the cell bodies of sensory neurons. C, commissural neuron; A, association neu-
ron; V, ventral interneuron; M, motoneuron. b The cell-type specification processes that
attribute different identities to neuronal and glial cells along the dorsoventral axis of the
neural tube are largely governed by gradients of diffusible morphogens, primarily sonic
hedgehog (SHH) ventrally, and bone morphogenetic proteins (BMPs) dorsally. At the neur-
al plate stage, SHH is produced in the notochord and diffuses dorsally, whereas BMPs are
produced in the epidermal ectoderm flanking the plate and diffuse ventrally. At the neural
fold stage, SHH is produced in the notochord and in the newly formed floor plate, and
BMPs at the tip of the neural folds. After closure of the neural tube, SHH is produced in the
floor plate, while BMP expression is lost from the epidermal ectoderm and maintained in
the roof plate and dorsal neural tube. Oligodendrocyte progenitors originate near the floor
plate in the presence of high concentrations of SHH. (Modified from [40] with permission)

These papers, through classic neurobiology techniques combined with molecular
approaches, revealed that the appearance of oligodendrocyte progenitors on the
ventral side of the ependymal canal requires diffusible signals originating in the
notochord, a transient mesodermal structure located alongside the ventral aspect
of the spinal cord. In particular, the diffusible protein sonic hedgehog, secreted by
the notochord and floor plate of the neural tube, is sufficient to induce the
appearance of oligodendrocyte progenitors within its range of diffusion.
Conversely, astrocytes can originate both ventrally and dorsally, as demonstrated
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by classic neurobiology techniques (quail-chick chimeras), that further con-
firmed the exclusive ventral origin of oligodendrocytes [49]. Although controver-
sy exists on these points [50, 51], we expect that further evidence and plenty of
open, unprejudiced debate will clarify these issues of considerable value in the
understanding of CNS developmental myelination.

How Do Glia Differentiate?

In the brain, oligodendrocytes arise postnatally from pre-progenitors located in
the subventricular zone (SVZ) from where they migrate into the white matter.
Subsequently, they proliferate and differentiate into mature myelinating oligo-
dendrocytes. The various stages of the oligodendroglial lineage have been defined
in vivo and especially in vitro (Fig. 3).

The O-2A glial progenitor was first isolated from the newborn rat optic nerve
[52] and then from other regions of the rodent CNS (reviewed in [53]). The 02-A
progenitor arises from a pre-progenitor cell and, depending on culture condi-
tions, it generates oligodendrocytes or type-2 astrocytes in vitro, hence its desig-
nation. The oligodendroglial lineage is characterized by the expression of stage-
specific morphological and antigenic phenotypes [52, 54]. The pre-progenitor
cells are small, round, proliferative cells expressing the embryonic polysialylated
form of the neural adhesion molecule (PSA-NCAM) [55].

The bipolar O-2A cells express membrane gangliosides such as GD3 [56] and
those recognized by the monoclonal antibody A2B5 [52, 57]. The type-2 astro-
cytes that express specific gangliosides as well as glial fibrillary protein (GFAP) in
vitro are rarely encountered during CNS development in vivo. As O-2A progeni-
tors mature, they become multipolar, express sulfatide and other membrane-
associated antigens, and become recognized by the monoclonal antibody 04 [58,
59]. They differentiate into GalC-expressing pro-oligodendrocytes before enter-
ing their later stage of maturation by expressing structural myelin proteins such
as MBP, PLP, and MOG (for review see [60]).

The development of the oligodendroglial lineage is controlled by growth fac-
tors and hormones acting via membrane-associated and nuclear receptors to pro-
mote or modulate proliferation and differentiation. In vivo, these soluble factors
probably arise from the neuronal and astroglial microenvironment of oligoden-
drocyte progenitors (reviewed in [60]). In vitro, it is possible to dissect the differ-
ent effects produced by growth factors and hormones at different stages of the
oligodendroglial lineage. In this way, it was recently shown that pre-progenitors
responsive to platelet-derived growth factor (PDGF) [55] expressed both FGF [61]
and thyroid hormone receptor genes (THRs) and proliferated in response to epi-
dermal growth factor (EGF) and FGF [33], a behavior similar to that of self-
renewing stem cells in cultured neurospheres [62].

In these experiments, addition of active thyroid hormone T3 further enhances
the effect of FGF2 and favors the oligodendrocyte fate. Thyroid hormone limits
the number of O-2A cell divisions and allows them to enter the differentiation
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Fig. 3. Differentiation of neural progenitors in vitro. In bold: cell types; underlined: stage or
type-specific cell markers; boxed: growth and differentiation factors promoting various
stages of progenitor maturation (see text). bFGF and PDGF inhibit terminal differentia-
tion of oligodendrocytes. VZ, ventricular zone of the neural tube; SVZ, subventricular
zone of the neural tube; EGF, epidermal growth factor; BDNF, brain-derived neurotroph-
ic factor; PDGF, platelet-derived growth factor; CNTF, ciliary neurotrophic factor; 6FGF,
basic fibroblast growth factor; T3, triiodothyronine; NT3, neurotrophin 3; PDGFaR, PDGF
receptor alpha; PSA-NCAM, polisyalylated neural cell adhesion molecule; GD3, a mem-
brane ganglioside; GFAP, glial fibrillary acidic protein; A2B5,a membrane ganglioside rec-
ognized by the homonimous monoclonal antibody; NSE, neuron-specific enolase; MAP2,
microtubule associated protein 2; NFH, high molecular weight neurofilament protein sub-
unit; NFM, middle molecular weight neurofilament protein subunit; GalC, galactocerebro-
side; MBP, myelin basic protein; PLP, proteolipid protein; MAG, myelin-associated glyco-
protein; CNP, 2°,3’-cyclic nucleotide 3’-phosphodiesterase

stage [63]. This hormone also promotes myelination and synthesis of the myelin
proteolipid protein (PLP) and myelin basic protein (MBP) in oligodendrocytes
[64].

It is established that O-2A survival, proliferation and migration are mediated
by PDGF [65, 67]. FGF2 prevents O-2A maturation [61] and promotes their pro-
liferation by itself or in cooperation with PDGF while blocking differentiation
[68]. Other factors that promote oligodendrocyte progenitors proliferation are
insulin-like growth factor (IGF-1) [69] and the neurotrophin NT-3 [70], as well as
the more recently identified oligodendroglial mitogen, neuregulin/glial growth
factor-2 (GGF2) [71]. Neuregulin mutants exhibit embryonic lethality {72], while
IGF-1 knockout mutants display severe hypomyelination in the brain [73], sug-
gesting a role for this factor in the development of the oligodendroglial lineage.
PDGFa receptor mutants generated by homologous recombination die in utero,
failing to clarify in vivo the role of PDFGo in CNS myelination [74]. However, in
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transgenic mice overexpressing PDGEF, oligodendrocyte progenitors hyperprolif-
erate [75].

While most of the effects on O-2A proliferation and differentiation can be
mediated by astrocytes, neurons also profoundly influence the biology of the
oligodendroglial lineage [71,76]. A mitogenic contact-mediated effect is related to
membrane-bound FGF and to some as yet uncharacterized mitogen [77].
Neuronal-conditioned medium from the B103 [78] or B104 [79] neuroblastoma
cell lines, or from cerebellar granular neurons [80] are also mitogenic for oligo-
dendrocyte progenitors in vitro; some of these effects are mediated by GGF2 [71].
The B104-conditioned medium is a powerful mitogen for oligodendrocyte prog-
enitors, allowing these cell populations to be expanded in the form of oligos-
pheres [81]. It also promotes differentiation of oligodendrocyte pre-progenitors
into progenitors (V. Avellana-Adalid, inpublished data) and of stem caells into
progenitors [82]. It contains the PDGF-AA homodimer as well as the 1 and {32
forms of the transforming growth factor (TGF) [83], which may explain partially
its regulatory/mitogenic effect.

Identifying growth factor requirements to expand the glial progenitor popula-
tion ex vivo could be instrumental in developing approaches for therapeutic
transplantation to repair demyelinated lesions as those present in MS. While this
approach may be hindered by several limitations (reviewed in [84]), promoting
re-activation or proliferation of the endogenous pool of oligodendrocyte progen-
itors may provide replacement to those lost in demyelination. Recently, evidence
has been provided showing that cells derived from rodent adult subventricular
zone (SVZ) can differentiate into myelin-producing oligodendrocytes, and that
this capacity may be enhanced by treating them with FGF [85, 86]. These results
suggest that cellular therapies implying growth factor-mediated modulation of
cell fate specification and differentiation of oligodendrocyte progenitors could
represent new strategies to repair the demyelinated adult CNS.
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Chapter 12

Genomic Screening in Multiple Sclerosis

P. MOMIGLIANO RICHIARDI, on behalf of the Italian Group for the Study of the
Genetics of Multiple Sclerosis

The Genetic Component of Multiple Sclerosis

Multiple sclerosis (MS) is caused by an interplay of environmental and genetic
factors. Their relative weight can be evaluated, as in all diseases, by three
approaches: population epidemiology, twin concordance and family aggregation
studies. Epidemiological studies point to environmental factors, likely one or
more infectious agents, playing a major role as demonstrated by alteration of MS
risk consequent to migration from high to low risk areas and viceversa and by
occasional “epidemics” in small communities after contact with groups of indi-
viduals from high risk areas [1]. However, they also demonstrate the importance
of genetic factors in that some ethnic groups maintain their relative resistance to
MS even when they reside in areas where MS is common (e.g. Gypsies in Hungary,
Blacks and Asians in USA, Maoris in New Zealand, and Lapps in Scandinavia [2]).
Twin studies clearly demonstrate the role of genetic factors since monozygotic
(MZ) concordance is substantially above dizygotic (DZ) concordance (25%-30%
versus 3%), but also show the importance of the environment since the concor-
dance level in MZ twins is well below 100%.

Remarkably, familial aggregation is largely controlled by genetic factors since
the disease risk in relatives closely follows the degree of genetic similarity with
the proband according to a polygenic inheritance model [3]. More direct evidence
comes from adoption [4] and half-sib [5] studies in Canadian families. The cur-
rent interpretation is that although MS is heavily influenced by environmental
factors, they are not family-specific. Hence the study of multiple case families is
most likely to provide information on genetic factors. The rather high level (20-
40) of the relative risk of disease recurrence in a sibling (As), compares favorably
with that of type 1 diabetes (As=15) in which linkage studies have been largely
successful. Moreover, in MS the low contribution of the major histocompatibility
complex (MHC) as compared with type 1 diabetes leaves more “room” for the
contribution of other genes.
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Search for MS Loci by Genome Screens

Prompted by this promising background, a systematic search for MS genes was
undertaken in several populations by whole genome linkage screens. They were
based on testing widely available and highly informative microsatellite polymor-
phisms in families with affected sib pairs (ASP). ASP allow the analysis of linkage
by non-parametric tests that do not need specification on a genetic model and are
not influenced by penetrance, which in MS is generally low and hinders classical
lod score analysis. Actually, ASP analysis considers only sibs with overt forms of
disease and evaluates whether they share alleles in more than the expected 0.50
proportion. Unfortunately, the sensitivity of ASP analysis is comparatively low
and large numbers of these families are needed. There is an inverse relationship
between the effect of a gene and the number of families needed for its detection.
Linkage of genes with very low effect cannot be detected even with thousands of
sib pair families. This bottleneck is illustrated by the number of families tested in
the studies published so far (Table 1). Even if all families could be analyzed joint-
ly, which is not the case because of practical problems in a meta-analysis, they
would not provide enough power to detect linkage of genes with small effect. This
problem has been theoretically treated by Risch and Merikangas [6] and has been
the subject of a strong debate [7]. The conclusions from genome screens were that
no predominant susceptibility gene is involved, no locus (not even the human
MHC, HLA) can be consistently shown to be MS-linked in all screens, and the
presence of minor loci (with As <1.5) cannot be excluded in any sizable portion
of the genome.

Nevertheless for some chromosome regions, multiple indications of possible
linkage have accumulated, particularly on 2p, 5p, 5q, 17q and 19q [8, 9]. The evi-
dence is weak, in no case reaching a level of “suggestive evidence” as defined by

Table 1. Families utilized in MS linkage studies

Study Reference Set Families Pairs
location (n) (n)
UK Sawcer et al. [13] 1 129 143
2 98 128
USA-France Haines et al. [14] 1 52 81
2 23 45
Canada Ebers et al. [15] 1 61 100
2 42 44
3 72 78
Finland Kuokkanen et al. [9] 1 21 24
Italy Present study Continental 41 39
Sardinian 28 28

Total All 567 710




118 P. Momigliano Richiardi

Table 2. Comparison of published genome screens

Chromosome  Cytogenetic = Marker UK USA/France Canada Finland
band (MLS) (Lod score) (MLS) (Lod score)
1 p36.12 D1S199 1.2
p34.3 D1S201 0.93 0.95
p22.2 D1S216 1.0
2 pl16.3 D25119 1.24
pll.2 D25169 1.3
pll.l D2S139 1.4
3 p21.2 D3S1289 1.2
pl4.3 D3S1300 1.3
pl4.1 D3S51285 1.1
p13 D3S1261 0.8 0.99
q22.2 D3S1309 1.01
4 q35.2 D4S426 1.4
5 pl15.33 D5S5417 1.8
p15.31 D55406 4.2
pl5.2 D5S5416 34
pl3.1 D55477 1.5
pl12 D55455 2.2
pl1 D5S51968 2.0
qll.l D558427 2.5
ql2.1 D5S424 1.3 0.42
ql4.1 D55428 1.0
ql4.3 D5S815 1.14
7 pl5.3 D75629 1.6
pl15.2 D75484 1.2 0.38
qll.23 D78524 0.5 0.7
q22.1 D75554 2.86
. q31.31 D75523 1.11
12 p13.31 D12S77 0.8
pl2.3 D12S364 1.0
pl2.3 D12S62 2.2
pl2.3 D12S310 1.8
pil.l D12S87 0.6
q23.2 PAH 1.56
q24.33 D12S392 1.71
14 q32.33 D14S292 1.4
17 pll.2 D17S8953 1.5
plL1 D175798 1.5
q21.33 D17S5807 2.7 2.8
19 ql3.12 D19S§251 1.1
q13.12 DI19S225 1.1
ql3.13 D19S220 1.2
ql3.32 D19S219 1.13
q13.32 APO-C2 1.1 1.47
q13.33 D19S246 1.5
22 ql3.1 D225283 1.1
ql3.1 PDGFB 1.4
ql3.1 D22S5274 1.2
X pll4 DXS1068 0.3 1.85
plL2l DXS991 1.8
q21.33 DXS990 1.2
q23 DXS1059 1.7

PAH, Phenylalanine hydroxylasé; APO-C2, Apolipoprotein C2; PDGFB, Platelet-derived
growth factor B.
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Lander and Kruglyak [10], and does not necessarily concern the same marker in
the different screens. However, in some cases the loci coincide with regions of
homology to EAE-linked genes in the mouse [11] and rat [12]. Thus, these regions
are a logical starting point for further analyses and replication attempts. Markers
showing some evidence of linkage in the British [13], American/French [14],
Canadian [15] and Finnish [9, 16] screens are reported in Table 2.

A Linkage Study in Italian Populations

The Italian Group for the Study of the Genetics of Multiple Sclerosis performed an
analysis of markers in selected genome regions and single candidate genes in
Southern European populations. What is the rationale for this study? All linkage
studies so far have been done on subjects of Northern European (UK, Finland,
France) or North American (US and Canada) descent. However, linkage scores are
very sensitive to the disease gene frequency. For a gene of moderate to low effect,
10-100 fold less sib pairs may be needed to show linkage in a population where the
frequency of the disease allele is intermediate as compared to one where it is either
high or low [6]. Therefore the choice of the population can be quite critical. For
instance, the CTLA-4 gene region (IDDM12 locus) yielded significant linkage data
with type 1 diabetes in Southern Caucasoids while weak or no evidence of linkage
was reported in Northern Caucasoids [17,18].

This study included a panel of multiplex families from continental Italy (cen-
tral and southern regions) and from Sardinia. The latter location is especially
meaningful because Sardinians represent a rather homogeneous and isolated
population with a genetic background substantially different from that of other
populations [19]. These characteristics are particularly relevant in view of subse-
quent association studies. Moreover, the incidence of MS in Sardinia is higher
than in other Italian regions and is closer to that of northern Europe [20].

For this study, markers in candidate regions were selected on the basis of pre-
vious linkage data (Table 2). In addition, markers corresponding to a few candi-
date genes, namely those of HLA-DRB1, CTLA-4, IL-9, APO-E , BCL-2 and TNFR2
were also considered. HLA was chosen as the only locus that showed genetic asso-
ciation and, although not in all studies, genetic linkage with MS. Cytotoxic T lym-
phocyte antigen-4 (CTLA-4) has been associated with insulin-dependent diabetes
mellitus (IDDM) [17] and other autoimmune diseases [21], and is involved in the
regulation of lymphocyte activation as are B cell ymphoma-2 (BCL-2) and tumor
necrosis factor receptor-2 (TNFR2). IL-9 is representative of the interleukin (IL)
gene cluster that resides within an experimental allergic encephalomyelitis
(EAE)-linked region in the rat genome [12]. Apolipoprotein E (APO-E) gene is
located in a region showing some evidence of linkage to MS in previous studies
and its variation has been prominent in other neurologic diseases.

Affected siblings with a diagnosis of definite multiple sclerosis according to
Poser et al. [22] were enrolled in the Hospitals of Bari, Cagliari, Catanzaro, Chieti,
Florence and Rome Universities. Each patient was submitted to clinical evaluation
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Table 3. Composition of tested multiplex families

Families (n) Continental Italy Sardinia
Total 41 28
Sib pairs 37 24
Sib trios 1 2
Families with
Two parents 22 13
One parent 9 8
Without parents 7 5
Other relatives affected 3® 20
Individuals affected 87 57
Individuals analyzed 186 158

“One uncle/ nephew pair and two first cousin pairs.
b First cousins.

by a trained neurologist and to cerebrospinal fluid and magnetic resonance imag-
ing analysis. Relatives of index cases and affected siblings were recruited in the
same centers as part of a program for collection of genomic material from Italian
MS multiplex families sponsored by the Italian Multiple Sclerosis Foundation
(FISM). Details of the families, are shown in Table 3. Enrollment of patients and
relatives followed their informed consent. DNA samples were analyzed for 67
microsatellites with a preference to the markers showing some suggestion of link-
age in the previous genome screens (Table 2).

Linkage Analysis

The data were analyzed for linkage by two different non-parametric programs.

1.

The GENEHUNTER program [23] was adopted because it allows extraction of
linkage information from all relatives, even in families with affected members
other than sibs and lacking one or both parents. Non-parametric linkage
(NPL) scores were determined. Single point analysis was performed for all
markers. The program calculates p values based on the asymptotically normal
statistic. NPL scores for X-linked markers were calculated by the xgh version
of the program. Multipoint analysis was also performed in the chromosomal
regions where several closely located markers were tested. Genetic distances
between the markers were calculated by the LIK2P module of the GAS 2.0
package and were in substantial agreement with the Genethon map distances
from CEPH families.

SimIBD [24] uses a conditional simulation approach to produce an empirical
null distribution and empirical p values. Like GENEHUNTER, it uses all avail-
able genotypes in unaffected individuals to measure identity-by-descent
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Table 4. Single point linkage scores in Sardinians, continental Italians and combined sets

GENEHUNTER (NPL)
Chromosome Cytogenetic Marker Distance®
band (cM) Total Sardinian Continental
1 p36.22 TNFR2 24.4 0.10 -0.94 0.91
p36.12 D18199 22.7 -0.62 -0.96 -0.01
p34.3 D1S201 >50° -0.67 0.18 -1.03
p22.2 D1S216 -0.01 -0.21 0.16
2 plé.3 D2S119 41¢ -0.98 -0.26 -1.07
pl1.2 D25169 2.6 0.57 0.22 0.56
pll.l D2S139 >50° 0.98 0.92 0.53
q33.1 CTLA-4 0.67 1.04 0.01
3 p21.2 D351289 9 0.18 -0.41 0.58
pl4.3 D381300 10 0.13 -0.30 0.41
pl4.1 D3§1285 6 -0.03 0.14 -0.16
pl3 D3S1261 18 -0.98 -1.00 -0.48
pll.l D381595 16 0.43 -0.49 0.96
q21.1 D3S1278 14 1.10 0.85 0.73
q21.3 D383607 14 -0.25 -0.32 -0.06
q22.2 D3S1309 -0.21 0.01 -0.29
4 q32.1 D4S415 27°¢ -1.07 -1.27 -0.32
q35.2 D4S426 -0.40 -0.19 -0.37
5 p15.33 D55417 6 0.93 -0.00 1.24
p15.31 D55406 17 -0.27 -0.21 0.18
p15.2 D55416 7 -1.06 -0.83 -0.68
pl5.1 D58655 12 -0.85 -0.23 -0.93
pl3.1 D55477 7 -0.41 0.06 -0.60
p12 D55455 16 -0.29 -0.67 0.20
pl1 D551968 8 0.55 -0.33 1.03
qll.l D5S5427 15 0.50 0.56 0.18
ql2.1 D5S424 13¢ 0.51 1.00 -0.19
ql4.1 D5S5428 4 -1.27 0.11 -1.80
ql4.3 D5S815 47¢ -0.55 1.15 -1.75
q31.1 IL-9 1.5 0.33 0.70 -0.16
q31.1 D5S393 -0.13 0.10 -0.27
6 p21.31 HLA-DRB1 1.26 0.56 1.17
7 pl5.3 D75629 19 -0.14 0.36 -0.48
pl5.2 D75484 >50° 1.66 1.60 0.84
qll.23 D7S524 10 0.50 -0.37 0.95
q22.1 D7S554 13 0.13 0.39 -0.15
q31.31 D78523 0.14 0.76 -0.44
12 pl13.31 D12S374 10 -0.19 -0.04 -0.22
pl3.31 D12877 8.8 -0.38 0.11 -0.61
pl2.3 D12S364 5.6 -0.32 0.06 -0.50
pl2.3 D12S62 3 -1.82 -1.41 -1.19
pl2.3 D12S310 10 -1.91 -0.81 -1.84
pll.l D12587 >50° -0.72 -0.28 -0.72
q23.2 PAH >50° -1.28 -0.64 -1.14
q24.33 D12S392 0.33 -0.01 0.45

14 q32.33 D14S292 -0.06 -0.04 -0.04
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Table 4. (continued)

GENEHUNTER (NPL)
Chromosome Cytogenetic Marker Distance®
band (cM) Total Sardinian Continental
17 pll.2 D175953 17 0.36 0.25 0.26
pll.l D175798 15 0.60 -0.07 0.86
ql2 D17S5250 26 0.55 1.16 -0.28
q21.33 D17S807 0.93 0.50 0.80
18 q2L.3 BCL-2 0.27 -0.19 0.57
19 ql3.11 D19549 7 -0.04 -0.26 0.17
ql3.12 D19S251 6 0.28 -0.01 0.38
ql3.12 D198225 9 -0.02 -0.04 0.00
ql3.13 D198220 7 0.29 0.31 0.13
ql3.2 D19S217 4 -0.44 -0.04 -0.55
ql3.32 D19S219 7 -0.01 -0.59 0.48
ql3.32 D19S606 7 -0.42 -0.04 -0.50
ql13.32 APO-C2 5b -0.37 -0.19 -0.32
ql3.32 APO-E 3b -0.27 -0.37 -0.65
ql13.33 D195246 -0.57 0.84 -1.43
22 ql3.1 D225283 12 0.92 1.01 0.36
ql3.1 PDGFB 14 -0.02 0.18 -0.18
ql3.1 D22S274 0.01 -0.86 0.73
X pll4 DXS1068 13 -0.84 0.07 -1.19
plL.3 MAOB 18 -0.33 1.04 -1.37
pll.21 DXS991 17¢ -0.09 -0.85 0.63
q21.33 DXS990 19¢ 0.01 -0.83 0.7
q23 DXS1059 -0.06 0.28 -0.33

@ Calculated distances; ® LDB distances; © Genethon map distances.

TNFR2, Tumor necrosis factor receptor-2 gene; CTLA-4, Cytotoxic T lymphocyte antigen-
4 gene; IL-9, Interleukin-9 gene; HLA-DRBI, Human leukocyte antigen DRB1 gene; PAH,
Phenylalanine hydroxylase; BCL-2, B cell lymphoma-2; APO, Apolipoprotein C2 or E gene;
PDGFB, Platelet-derived growth factor B gene; MAOB, Monoamine oxidase B gene.

(IBD) sharing. In some instances, it possesses a power of extracting linkage
information higher than that of GENEHUNTER-AIl statistics [25]. The
1/sqrt(p) weighting function was used, where p is the population frequency of
a given allele, with a number of replicates of 1000.

Results

A summary of the data is provided in Table 4 that shows: the tested markers with
their cytogenetic localization, as derived from the location database (LDB) inte-
grated map [26]; the genetic distances between the markers; the NLP scores
obtained by GENEHUNTER. Linkage data are reported for each of the two sets
of families, Sardinian and continental Italians and for both sets combined. Only
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the single point NPL statistics are shown. For simplicity, SimIBP p values are not
shown, since in only one case (D2S169) did they reach significance while the NPL
score was low.

NPL probability levels were in all cases >0.05 except for D75484 in the com-
bined set (NPL 1.66, p=0.048). Slight hints of linkage, (i.e. NPL scores equal to or
higher than 1.0 and/or SimIBD p values < 0.05 in at least one family set) were
found in 2pl11, 2q33 (CTLA-4), 3p11, 3q21, 5p15, 5p11, 5q12, 5q14, 6p21 (HLA),
7p15, 17q12, 22q13, and Xpl1. These are highlighted in Table 4. No evidence of
linkage was observed in chromosomes 1p, 3p, 4q, 7q, 12p, 12q, 14q, 17p, 19q, and
Xq, nor for the individual candidate genes TNFR2, IL-9, BCL-2 and APO-E. The
D17S807 marker in 17q21 was particularly interesting because it showed evidence
of linkage both in the Finnish [9] and in the UK [13] screens. In the present study,
the NPL score was about 0.9, lower than the relatively high scores of the previous
studies, but close to the arbitrary threshold of 1.0.

Multipoint NPL analysis was applied in the regions where multiple markers
were tested but did not lead to a substantial increase of the linkage scores, despite
acceptable levels of extraction of information content. Low or negative scores
were given by all the chromosome 5 regions, even though this chromosome
appeared the most promising as judged from data of linkage in the other studies
and from the homology of the p14-p12 region with the EAE2 mouse region.

Outlook for Future Studies

In general, our data provide some additional, although weak, evidence of linkage
in regions that were singled out by previous studies. The linkage scores are in gen-
eral low, yet positive and not dissimilar from those expected from genes of low
effect studied in populations of limited sizes. Actually, even the contribution of
HLA, supported by association studies in several populations, was not detected by
linkage in all studies nor, within each study, in all sets [13-16]. Likewise, we
observed an NPL score >1 with HLA-DRBI in continental Italians and a lower,
although still positive score in Sardinians, even though a significant HLA associ-
ation was observed in both populations (C. Ballerini, unpublished results and
[27D).

The problem of replication is strictly connected with the magnitude of the
genetic effect to be detected. The chance of replication decreases not linearly, but
according to the square of the effect of the gene. All linkage studies so far indicate
the absence of any gene with a predominant effect in MS. However, the evidence
for the presence of MS genes and for them accounting for most of the family
aggregation is overwhelming [3-5]. Assuming that 10 (or more) epistatic genes of
equal effect contribute to the As of about 30 attributed to MS, each of them would
have a As = 1.4 (or less). Under these conditions, linkage analysis is very unlikely
to provide significant lod scores with any practical number of multiplex families
[6] and any low level lod score that may be obtained is unlikely to be replicated in
independent studies or sets of patients.
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Why is it important, then, to record “weak linkage data” despite the seemingly
disproportionate effort required both in finding multiplex families and in per-
forming microsatellite analysis? The hopes of finding “major genes” have disap-
peared in MS as well as in other complex diseases. The underlying reasons may
be, besides the low sensitivity of the analytical tools, also the presence of strong
and difficult to unravel epistatic interactions between different genes. However,
there is a recognizable trend toward accumulation of this kind of weak linkage
evidence on some chromosomal regions and not in others, with some sharing
between different autoimmune diseases [28]. These “tips of icebergs” that in some
cases coincide with EAE homology regions may lead to regions in which to per-
form association studies. The low-degree HLA linkage provides a good example.
Historically, since HLA was an obvious candidate locus, linkage studies were pre-
ceded by association studies. The rather low and scattered linkage scores obtained
in the different sets of families, including those of the present study, do not prove
involvement of HLA in disease. However, should we decide that they provide a
sufficient basis for performing an association study, retrospectively this turn out
to be successful. One can hope that similar weak evidence of linkage in other
regions underlies the presence of some disease gene that can be detected by asso-
ciation studies. The latter are per se more sensitive and experimentally easier
since they require single-case (simplex) families. In this regard, some regions
stand out as good candidates from the present work, providing additional evi-
dence for the presence of linkage to MS, i.e. 2p11, marked by microsatellites
D2S169 and D2S139, 3q21 (microsatellite D3S1278), 7p15 (microsatellite D7S484),
17921.3 (microsatellite D175807) and 22q13 (microsatellite D225283). The 7p15 is
especially appealing since it is homologous to a region harboring a rat EAE locus
[12] and coincides with a region where markers linked to several autoimmune
diseases (MS, Crohn’s disease and asthma) are clustered [28].

Perspectives of an Association Study on Chromosome 5

Even though the present data do not add strong evidence for linkage in any por-
tion of chromosome 5, this region remains the best candidate for harboring MS
genes, taking into account the current available data from different sources. Data
from a complete genome screen in EAE mice show strong linkage to a locus,
EAE2, on a region of the murine chromosome 15 [11] that is homologous to
human 5p14-12. Accordingly, in a study carried out in Finnish multiplex families,
a substantial lod score was found with markers on chromosome 5p14-12 [16].
Finally, data obtained in whole genome linkage studies in several populations [13-
15] showed a weak but convergent evidence for linkage in a rather extended por-
tion of chromosome 5, from 5p15 to 5q14 (Table 2).

Thus, it seems worthwhile to search for MS genes in this region by a genetic
association study. Studies involving the non-random association between genetic
markers and disease alleles are based on the presence of linkage disequilibrium
between the two. This depends on several factors, mainly related to the history of
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Table 5. Localization of available polymorphic STS in the interval 5 ptel-q13

cM®* Framework Polymorphic STS Type
microsatellite
marker® Present study © Wang et al. [33]¢
ptel  D5S678 EST285652 No information
EST117976 UT
WI-6093 Random STS
10.7  D5S406 A001X45 UT
13.8  D5S635 WI-18821 Human steroid 5 alpha-reductase
18.6  D5S630
19.7 A003B29 UT
SGC32541 SGC32541 UT
SGC35145 UT
SHGC-12556 DAP-1
SHGC-12958 T complex protein lepsilon subunit
WI-6722
21.4 D55478 stSG9739 UT
27.4  D5S1954
35.6  D5S655 WI-11163 Random STS
38.9 D5S502 WI-5826 Random STS
stSG10348 UT
WI-4325 Random STS
44.6  D5S5477 stSG9937 UT
46.6  D5S651 A001V01 Threonyl-tRNA synthetase
A004148 UT
WI-12996 UT
WI-13029 UT
51.6  D5S5426 SGC333368 UT
stSG9574 No information
stSG8574 UT
stSG9574 UT
52.2  D5S8395 ESTC22 Complement C6 precursor
ESTD-C6 Complement component C6
C9 exonll Complement component C9
544  D5S2021 stSG1444 UT
SHGC-13615 UT
WI-16394 uT
61.1  D55628 SGC31091 uT
SGC30610 UT
SGC33636 UT
63.9 D5S5474 WI-8827 UT
65.0 D5S5407 U28413 CSA protein
67.2  D5S491 SGC31768 UT
69.6  D5S427 WI-6915 UT
1B482 UT
74 D5S52048
74.7  D5S647 A007]09 UT
SGC36907 uT
76.5 D5S637
79.2  D5S650 WI-19224 SMA
WI-11362 Similar to Ras GTPase Activating-
like protein
1B320 KIAA0264
82.3 X74070 Transcription factor BTF3
WI-17114 UT
82.8 D5S424 STS-R41876 UT
WI-6272 WI-6272 Antiquitin
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Table 5. (continued)

cM* Framework Polymorphic STS Type
microsatellite
marker® Present study ° Wang et al. [33]¢

84.8 - - ESTD-F2 Human prothrombin (F2)

85 - - ESTD-ARSB Human arylsulfatase B
WI-13020 WI-13020 uT
- WI-20907 uT
- WI-10775 Random STS
- WI-4719 Random STS
SHGC-11568 - UT

923 D55641 - - -

* Cumulative genetic distances in cM, starting from ptel.

b Markers mapped by Genethon. Information on their position from http://www.genome.wi.mit.
edu/cgi-bin/SNP/human/sts_info;

¢ Genetic map positions of the STSs are referred to framework microsatellite markers and are avail-
able at http:// www.ncbi.nlm.nih.gov/SCIENCE96.

¢ Genetic map positions of the STSs from http://www.genome.wi.mit.edu/SNP/human/maps/Chr5.
ALL.htm]

UT, Unidentified transcript; DAP-1, Death-associated protein-1; CSA, Cockayne syndrome type A;

SMA?, Spinal muscular atrophy.

the population under test, and it is hard to predict for each specific region of the
genome. However, it has been suggested that linkage disequilibrium between alle-
les <0.5 cM apart is the “normal” expectation given several assumptions, such as
recent population expansion and relatively recent breakage of barriers to gene
flow [29].

On this basis, the most important requirement for association studies is the
availability of a dense array of markers located in the region of interest at a dis-
tance of not more than 1 ¢cM from each other. For this reason, the Italian Group
for the Study of Genetics of MS has set up a search for single nucleotide poly-
morphisms (SNPs) mapping in the 90 cM interval between 5ptel and 5q13 using
denaturing high performance liquid chromatography (DHPLC) [30]. DHPLC is
an innovative method for DNA variant detection based on the capability of ion-
pair reverse-phase liquid chromatography to resolve homoduplex from het-
eroduplex molecules under conditions of partial denaturation.

Polymorphisms were looked for in expressed genes exploiting the map of >16
000 sequence tagged sites (STS) in the 3’ UTR (untranslated regions) of cDNA
clones (ESTs) [31]. This approach offers several advantages. First, these STS are
present in transcribed genes. Second, since 3° UTR are not expected to undergo
a strong selective pressure, single nucleotide polymorphisms (SNPs) should
occur rather frequently, at least 1 per 1000 nucleotides [32]. Third, the analysis
can be performed directly on genomic DNA under uniform conditions, and
primers are commercially available at low cost. Fourth, their mapping is already
defined with reference to framework microsatellite markers.

On this basis, 124 STS were screened in the region of interest, totalling about
30000 bp; 30 SNPs were expected on the basis of the reported estimates of about
1 SNP per 1000 bp [32]. This work led to the development of an SNPs map in the



Genomic Screening in Multiple Sclerosis 127

region 5ptel-q13 with 28 markers distributed over 90 cM (Table 5). When this set
of markers was integrated with the SNP map generated by Wang et al. [33] in the
same chromosomal region, it was increased to a total of 55 polymorphic STS
(Table 5), including 60 SNPs (5 STS carrying 2 SNPs). Thus, a map of 55 markers
at a mean spacing of 1 c¢M, suitable for an association study, is now available in the
5ptel-q13 region. The Italian Group for the Study of the Genetics of MS is cur-
rently accumulating a large set of MS simplex families from Sardinia and conti-
nental Italy in which to test these SNPs for MS association.
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Chapter 13

MHC and Multiple Sclerosis

M.G. MARROSU

Introduction

The major histocompatibility complex (MHC, also called HLA or human leuko-
cyte antigen) and its products have a central role in the immune response.
Sharing of the MHC class II region is important for CD4* (helper) T cell interac-
tions, and sharing of the MHC class I region is important for CD8* (cytotoxic) T
cell interactions. This phenomenon is called MHC restriction of antigen-specific
T cell responses.

The MHC consists in a region of about 4 Mbp DNA located on the short arm
of chromosome 6p21. The region contains more than 100 genes, the majority of
which have immunological relevance in antigen processing and presentation. The
MHC is divided into three regions, named class I, class II and class III. Class I
region is located telomerically and contains HLA-A, -B and -C genes, involved in
transplantation response. Class II region, situated centromerically, contains HLA-
DP, -DQ and -DR genes, mainly involved in antigen presentation. Class I and class
IT loci are functionally related, because they are all members of the immunoglob-
ulin superfamily.

Structure of the HLA Region

HLA-class II region encompasses approximately 1000 kb DNA. DP, DQ and DR
subregions contain at least one pair of expressed genes encoding a pair of func-
tionally expressed a and P chains. For example, the DQ region contains DQA1 and
DQBI1 genes, which code for DQa and DQP chains, respectively. The a and f
chains form an a-p heterodimer expressed on the surface of the antigen-present-
ing cell, restricted to helper or suppressor T lymphocytes. Some haplotypes con-
tain up to 14 class II loci, but limitation in the expression of permissive a-f3
dimers restricts the expressed repertoire to four class II molecules per haplotype:
DPa-fB, DQa-f, DRa-B1, DRa-f3, 4, 5. Each class II haplotype includes DPx-§3,
DQa-f, DRa-B1, DRa-B3 or 4 or 5, the latter being determined by the haplotype
considered.
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Whereas DRa chains are essentially invariant, DR, DQa, DQ, DPa and DP
chains exhibit sequence variants that are responsible for polymorphisms of the
class II region characteristic of these molecules. Such polymorphism is deter-
mined by the germline genetic repertoire of the class II region with multiple alle-
les at most class II loci. Initially, the nomenclature of HLA was referred to on the
basis of serologic specificity, such as DR2, DR3 and DR4. This specificity does not
distinguish the sequence of alleles. On the contrary, molecular analysis provides
a high degree of gene-specific and haplotype-specific information.

Polymorphism of the MHC system, in particular polymorphic residues situat-
ed in and around the peptide-binding cleft, regulates the developmental selection
of T cell receptor (TCR) specificities during the process of T-cell differentiation
and maturation in the thymus. The primary sequence of the amino-terminal
polymorphic domain is critical for proper presentation of antigen to the TCR.
Both a and P chains contain two external domains, the membrane-external
domain being the major site of variation. The foundation for genetic restriction
of foreign antigen recognition lies in the formation of a peptide-binding groove,
the structure of which has been hypothesized by analogy with class I crystallo-
graphic structure, with the exception that it is more open at both ends allowing
the bound peptide to protrude out of the cleft [1].

Differences among HLA-DR molecules have been defined within three major
regions of hypervariability and two regions of more limited variability. The pep-
tide binding site of HLA-DR is generated by the first domain of the DRa and DR
chains. The primary anchor residue is accommodated by a hydrophobic pocket,
the size of which is controlled by a diallelic polymorphism determining the pos-
sibility of accommodating a large hydrophobic residue or an aromatic residue of
the foreign peptide in this region [2]. It has been demonstrated that endogenous
peptides can bind multiple DR alleles and that this capability must be dependent
on the composition and location of several key amino acids within the primary
structure [3].

Function of the HLA Region in Disease Association

HLA associations with various autoimmune diseases have been recognized over
25 years ago, but the exact mechanism underlying such an association is not yet
clarified. With the introduction of molecular biology techniques, alleles associat-
ed with specific diseases have been identified [4], and the sequences of such alle-
les have been examined [5].

Association in terms of both susceptibility to and protection from autoim-
mune and infectious diseases (e.g. severe malaria) has been reported, referring as
“protective” a negative association and “susceptible” a positive one. Mechanisms
hypothesized in the association of HLA with diseases include:

- Peptide presentation

- Presentation of self-peptide
- Receptor theory

- Linkage disequilibrium
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~ Altered self-peptide presentation
- Superantigenic stimulation
- Thymic selection of TCR repertoire

Peptide Presentation

HLA class I molecules bind short peptides (8-12 amino acids) derived from intra-
cellular proteins, so they are important in the immune response to viruses and
other intracellular pathogens. HLA class II molecules bind longer peptides (10-34
amino acids), mainly derived from extracellular and cell-surface proteins.

Polymorphism of class II alleles is crucial to immune activation events.
Polymorphic amino acids determine whether or not specific antigenic peptides
will bind and will be presented on the surface of antigen-presenting cells to T
lymphocytes. The HLA association with many autoimmune diseases can stem
from differences in the capacity to bind different sets of peptides. Diseases can
occur if a given HLA allele presents a pathogenic peptide either as a function of
the allele-specific peptide-binding motif or by access to peptides derives from
unusual (self) sites. The penetrance of the disease trait may depend by competi-
tion between the affinity of the pathogenic peptide to a susceptible and a pro-
tective HLA allele. An example of such a mechanism is the hierarchy of HLA
association in insulin-dependent diabetes mellitus (IDDM). Protective and sus-
ceptible HLA alleles can be codified in cis and in trans, so distinct peptide-bind-
ing properties may be encoded by different haplotypes, as occurs in coeliac dis-
ease.

Altered Self-Peptide Presentation

Central and peripheral mechanisms devoted to tolerance maintain unresponsive
HLA molecules to self-peptide. Alteration of self-peptide can occur via exposure
of cryptic epitopes or post-translational modification of proteins.

Presentation of Self-Peptide

HLA antigens present not only molecules derived from extracellular organisms
but also many self-proteins. The majority of self-peptides are themselves derived
from other MHC class I and II molecules, so HLA molecules can regulate immune
response also by acting as a source of presented peptides.

Superantigenic Stimulation

Superantigens are proteins produced by virus and bacteria able to stimulate T
cells by cross-linking their TCRs with the MHC molecule, resulting in the simul-
taneous activation of a large number of T cells expressing the particular TCR V
family. This stimulation, usually followed by clonal delection, could break self-tol-
erance.
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Receptor Theory

This theory suggests that some microorganisms use MHC molecules as a vehicle to
enter cells. There are several examples of such a mechanism in the blood-group system.

Thymic Selection of TCR Repertoire

Thymic TCR repertoire formation is driven by MHC molecules presenting self-
peptide, which acts as a template. Immature T cells entering the thymus and
expressing TCR which fail to recognize self-MHC undergo apoptosis, while high
avidity TCR-self-MHC-peptide interactions produce cell death (negative selec-
tion). A proper avidity of TCR with self-MHC and peptide permits positive selec-
tion so that the cell can egress into the periphery. Low avidity of certain HLA
haplotypes to self-peptide can result in selection of auto-reactive or cross-reac-
tive T cells.

Linkage Disequilibrium

The association between HLA alleles and diseases may result from the strong
linkage disequilibrium between genes located in this region. Linkage disequilibri-
um refers to the presence of two alleles at different loci occurring together more
frequently than would be expected by chance, in relation to the physical distance
and the recombination of the two loci involved. Some DR and DQ alleles are
inherited together on a chromosome as a single genetic unit termed “haplotype”
(haploid genotype). In this case, when a particular HLA allele is associated with a
disease, it is not immediately obvious whether the gene itself or some linked gene
on the same haplotype is primarily responsible for the disease association. For
example, a single allele such as DQB1*0201 may be found in different haplotypes,
associated with different DQA and DRB genes. Analysis of the extended haplo-
types by fine genetic mapping may help to clarify the locus-specific and allele-
specific contribution to susceptibility.

Methodology in HLA-Disease Association Studies

Most HLA-associated diseases have genetic components which do not display
simple Mendelian patterns. Family studies can reveal the number of genes
involved, the inheritance pattern, and the penetrance of the trait. The most
important epidemiological parameter is the relative risk, A , which specifies the
recurrence risk of a relative (R) of the proband compared to the incidence of the
disease in the population. For siblings (S), therefore, A = risk of recurrence in sib-
ling of proband/risk of disease in general population. Values of A_ in multiple scle-
rosis (MS) are 20-40, i.e. the genetic component accounts for 20%-40% of the dis-
ease as whole. The contribution of the HLA locus itself can be estimated from the
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ratio of the expected (0.25) and the observed proportions of sib pairs sharing zero
alleles identical by descent [6]. In MS, A, HLA = 2.4, a value which is lower than in
other autoimmune diseases, such as IDDM and rheumatoid arthritis (RA).
The molecular genetic approach to matters concerning HLA and disease asso-
ciations involves indentification of:
- disease-predisposing haplotype(s),
- individual genes included in haplotypes (in both cis and trans) responsible for
the association,
- relationship between HLA-associated alleles and immunopathogenetic mecha-
nisms.

Identification of Disease-predisposing Haplotypes

Methods in detecting the HLA predisposing haplotype include association stud-
ies from both population-based samples and nuclear families, affected sib pair
analysis and lod score linkage analysis.

Population-based Association Studies. The method consists in comparing marker
allele frequencies in ethnically matched patient and control populations. To avoid
bias due to ethnic mixing, an artificial control population may be constructed
using the non-transmitted parental haplotype as control. This approach is termed
the AFBAC (affected family-based controls) method [7]. However, the association
of a marker with disease implies either that the marker itself influences disease
susceptibility or that it is in linkage disequilibrium with the disease-predisposing
locus.

Association Studies on Nuclear Families. The transmission disequilibrium method
tests deviation from the random 50:50 of allele transmission from parents to
affected offspring [8]. In this test, polymorphic markers are examined in a large
set of nuclear families, which include both parents and one affected child.
Significant deviation from the expected 50:50 ratio defines linkage in presence of
association.

Affected Sib Pair Analysis. In sib pairs, random expectation is 1/4, 2/4 and 1/4 for
affected sib pairs which share 2, 1 or 0 identical-by-descent (IBD) parental alleles.
Deviation from random has been used to confirm linkage between a marker and
a disease. This method has been a powerful test in confirming HLA linkage in
IDDM. However, in MS deviation from expected has not been detected, perhaps
reflecting a high frequency of the disease-predisposing allele or heterogeneity in
disease predisposition.

Lod Score Linkage Analysis. This tool tests modes of inheritance. A model specifies
location of the disease-association allele (locus), allele frequency and allele pen-
etrance. The observed genotypes and phenotypes in a pedigree are used to test a
variety of models (M) against a null hypothesis (M0) which assume no linkage to
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a susceptible gene in a region of interest. The analysis works well in monogenic
diseases, but in some cases can also be used in polygenic diseases. In MS, analy-
sis of a Finnish pedigree showed linkage with both MHC and myelin basic pro-
tein [9].

Identification of Individual Genes

Unlike the cases for IDDM, a role for individual HLA alleles in MS has not been
demonstrated. Different HLA allele associations in different populations have
been reported. In Caucasians, DRB1*1501 (DR2) allele has been associated with
MS [10], while consistent analyses in both population-based studies [11, 12] and
using transmission disequilibrium test [13] showed association of MS with both
DRB1*0405 (DR4) and DRB1*0301 (DR3) alleles in Sardinians. No sequence motif
common to these associated alleles has been found. The trans-ethnic analysis of
associated and not associated haplotypes in Caucasians and Sardinians suggests
that HLA may not be the primarily involved gene but merely a marker in linkage
disequilibrium with MS [13]. Another hypothesis in explaining differences in the
HLA-MS association is the possibility that the disease is heterogeneous in
etiopathogenetic mechanism. The polymorphism of HLA molecules is selected
on the basis of their immune function. This selection happens in two ways: selec-
tive advantage of heterozygous (overdominant selection), in which a heterozy-
gous individual responds quantitatively better than either homozygote, and rare
allele advantage (frequency-dependent selection), in which individuals with rare
MHC alleles respond better to new pathogen variants that are evolved to evade
common MHC alleles. Differences in alleles associated with MS may reflect dif-
ferent immunogenetic mechanisms in reactions between the immune system
MHC repertoire and environmental pathogens.

Identification of Relationships Between HLA-Associated Alleles and
Immunopathogenetic Mechanisms

Such a step could bridge the gap between strictly genetic analysis and functional

questions. Several working hypotheses can be formulated:

-The association is caused by several polymorphic residues critical in peptide
binding;

-HLA MS-associated molecules have structural motifs which use charge-charge
interactions at points critically involved in MHC-peptide binding. Such a situa-
tion has been proposed in RA [14];

-Similarity of viral and bacterial peptides and immunodominant self-peptides
can activate autoaggressive T lymphocytes via molecular mimicry with MHC
and TCR structural motif-binding sites [15].
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Chapter 14

Cytokine Genes in Multiple Sclerosis

E.L. Sciacca, L.M.E. GRIMALDI

Introduction

Multiple sclerosis (MS) is an autoimmune/inflammatory disease of the central
nervous system (CNS) resulting in polymorphic and unpredictable clinical man-
ifestations. Although described as a clinical and pathological entity by
Cruveilheir, Carswell and Charcot more than a century ago, its etiology is still
obscure and many questions regarding its complex pathogenesis are still unan-
swered. Current views credit environmental factors, possibly infectious, for trig-
gering MS in genetically susceptibile individuals. The nature of this genetic influ-
ence in MS has been the subject of intense studies: classic genetic observations
have excluded the involvement of a single gene with full mendelian inheritance
[1], both in susceptibility to and modulation of MS, as recently confirmed by full
genome family-based studies [2-5]. Alternative to a monogenic hypothesis, poly-
genic inheritance was proposed for MS almost 50 years ago [6]. Multiple strate-
gies, including full genome screening and association studies, have been
employed to identify the discrete number of genes expected to be involved in the
pathogenetic processes leading to MS.

The first approach, entailing the use of hundreds of highly polymorphic mark-
ers to scan the entire genome of affected MS family members for linkage with
potential susceptibility genes, has been so far reported by four groups [2-5] and
has indicated that there is not a single master gene for MS. However, this approach
has revealed several chromosomal regions likely to contribute in a limited man-
ner to the susceptibility to MS, the human leukocyte antigens (HLA) region hav-
ing the strongest association in the majority of the studies. The poor interstudy
concordance may be attributed to genetic heterogeneity, lack of detection power,
or simply absence of significant common genetic contribution to familial aggre-
gation in MS.

The second approach, so far largely unrevealing, seeks associations of one or
more candidate genes with the disease. The selection of these candidate genes has
been influenced by the established autoimmune pathogenesis of MS. As such, the
focus of this search has been primarily on genes coding for immunorelevant mol-
ecules, including T cell receptor subunits, immunoglobulins (Ig), myelin antigens

Neuroimmunology Unit, Neuroscience Department, San Raffaele Scientific Institute, Via
Olgettina 58 - 20132 Milan, Italy. e-mail: luigi.grimaldi@hsr.it
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and cytokines. As already mentioned, the only genetic region for which a positive,
although minor, influence on MS susceptibility has been convincingly demon-
strated is a locus associated with the HLA class II region on chromosome 6 [7].
However, genetic heterogeneity has also been demonstrated for the HLA locus
since different haplotypes have been associated with the disease and with disease
progression in different populations [8, 9]. Recently, following several contrasting
observations on the association of T cell receptor (TCR) B-chain with MS suscep-
tibility, an epistatic interaction between the HLA allele Drw15 and TCR f-chain
locus has been shown for a subgroup of MS patients affected by relapsing-pro-
gressive disease course [10]. This observation suggests for the first time that genes
or alleles involved in MS susceptibility not only may affect the occurrence of the
disease, but also may determine different disease courses.

Cytokines in MS

The cytokine family represents a polymorphic system whose effects are potential-
ly able to interfere with the immunopathological processes occurring in MS
patients and whose levels of interaction are wide enough to sustain the obvious
complexity of the resulting MS phenotypes (from very mild and slow-progressing
to very active and rapidly disabling). Both pro- and anti-inflammatory cytokines
have been implicated in the pathogenesis of MS and in its capricious course. A
hypothetical cytokine contributing to MS is likely to be initially secreted by CD4*
autoreactive T cells entering the central nervous system and, later on, by recruited
inflammatory or activated glial cells. The proinflammatory cytokines that most
efficiently induce the recruitment of additional inflammatory cells include inter-
leukin (IL)-1p, interferon (IFN)-y, lymphotoxin (LT) and tumor necrosis factor
(TNF)-a. Upregulation of proinflammatory cytokines such as IL-1f, IL-2, IL-6,
IFN-y, TNF-a and LT and downregulatory cytokines such as IL-4,1L-10 and trans-
forming growth factor (TGF)- have been detected within or nearby CNS MS
lesions [11], as well as in the cerebrospinal fluid (CSF) or in the peripheral circu-
lation of MS patients [12]. Complex interactions between cytokines may foster
major clinical changes in the course of MS; the occurrence of clinical relapses, for
instance, has been associated with a synchronous increase in IFN-y, TNF-a and its
receptors expression [13, 14], while remission phases of the disease have been
related to an increase of secretion of TGF-f,IL-10 and IL-1 receptor antagonist (IL-
1Ra) [15,16]. Due to the potential regulatory role of cytokines in determining the
onset or the course of MS, cytokine genes have been a favorite target for genetic
studies aimed to verify their association with MS occurrence and disease variabil-
ity. However, despite the established biological role played by several cytokines in
MS, most (if not all) association studies on cytokine genes in patients with this dis-
ease have provided controversial results. The simplest explanation for this occur-
rence is that these studies simply did not look for the right cytokine. We believe
that other factors have hampered the reproducibility of these association studies.
First, ethnic differences among the populations studied exist and provide a strong
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level of variability in these studies. In the majority of cases, however, the limited
number of subjects evaluated (around or less than 100) may have prevented reach-
ing statistical relevance for associations between the various cytokines and MS.
Association studies, in fact, need at least several hundreds to one thousand patients
to detect the relatively modest contribution of one of the probably numerous
genetic determinants of a complex disease such as MS [17]. It derives that multi-
centric efforts would be needed most of the time to recruit the appropriate num-
ber of MS cases and relatives for effective case-control and family-based associa-
tion studies. This fact clearly limits the detection power of these studies.

Here follows a review of the main cytokines involved in the pathogenesis of MS
whose genes have been evaluated as potential contributors to occurrence or clin-
ical variability of MS.

Interferons

The interferons (IFNs) are a family of cytokines initially described as proteins
able to interfere with viral infections of target cells. Additional biological effects of
these cytokines include modulation of the immune system. The IFN family is
divided in type I and type II subgroups. The type I IFNs (including IFN-a and -f)
are approximately 20 acid-stable proteins having similar structure and biological
activities and sharing a common gene locus on chromosome 9. IFN-y, or type II
IFN, is an acid-labile protein whose gene is located on chromosome 12. IFN-y is
more immunomodulating than type I IFNs and shows in some cases contrasting
biological activities: IFN-y, but not IFN-B, for instance, induces the expression of
HLA class II molecules on CNS resident cells [18], stimulates the release of oligo-
dendrocytotoxic cytokines such as TNF-a by macrophages [19], triggers the pro-
duction of toxic molecules such as nitric oxide metabolites by microglial cells
[20], and mediates oligodendrocyte apoptosis [21]. Compared to controls, IFN-y
serum protein or CSF mRNA levels are elevated in MS patients [13, 22] irrespec-
tive of their clinical status (exacerbations vs. stability) [23]. In vitro, peripheral
CD4* and CD8" T cells from MS patients produce more IFN-y, both in resting [24]
and in CD3-stimulated conditions [25], and show effective intracellular Ca?* ele-
vations in response to IFN-y [26] which precedes by 30 days evidence of clinical
activity [27]. Moreover, treatment with IFN-y causes immediate reactivation of
MS progression [28], while part of the beneficial effects of IFN-f in MS patients
are mediated by its anti-IFN-y activity [29].

An initial association study between an MS occurence and a CA dinucleotide
repeat polymorphism located in the first intron of the IFN-y gene found a slight-
ly positive association (LOD score of 0.88, theta=0.01) [30]. Further reports have
not confirmed this claim [31], and have also excluded an association between a
(CA), microsatellite DNA within the proximal half of the IFN-f/a/@ gene cluster
and the occurrence of MS. Despite the established role of IFNs in the pathogene-
sis of MS, genetic influence of these cytokines’ genes on the occurrence or clini-
cal heterogeneity of this disease has never been confirmed.
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TNF-oc and Lymphotoxin

TNF-a and lymphotoxin (LT) are members of a protein family able to trigger pro-
liferating and apoptotic signals. TNF-a is a critical inflammatory mediator for the
demyelinating events typical of MS and experimental autoimmune encephalitis
(EAE), the animal model of MS. The TNF cytokines may directly damage oligo-
dendrocytes [19, 32] and endothelial cells (EC) [33]. Serum TNF-« levels were sig-
nificantly higher in MS patients compared to controls [13]. An elevation of TNF-a
and its receptors (p55 and p75) consistently precedes the occurence of clinical
exacerbations in MS patients [14]. Both TNF-« and LT genes are located within the
HLA locus: after an initial report of a different TNF-a (two G/A polymorphisms
in the promoter region) and LT (GT dinucleotide repeats in the promoter region)
allele distribution between MS patients and healthy controls (HC) [34], it has been
shown that this association was secondary to the linkage of the TNF-a gene with
the DR2 HLA haplotype predisposing to MS [31, 35]. At present, the TNF-« gene
should not be considered as primarily associated with MS.

IL-2

IL-2 is a lymphoproliferative cytokine involved in MS pathogenesis mainly for its
potential ability to induce autoimmune T cell clone proliferation. IL-2 has been
found within MS brain lesions [36], a strategic location to sustain the proinflam-
matory cellular phenomena of the relapsing phases of MS. However, circulating
blood and CSF protein and mRNA detection, as well as in vitro stimulation exper-
iments, have repeatedly failed to find significant differences between MS patients
and controls [37-39]. A microsatellite marker (CA dinucleotide repeats) located in
the 3’-untranslated region of IL-2 has been reported not to be associated with the
occurrence of MS [30, 31]. At present there is no evidence for a role of this
cytokine gene in the genetic predisposition to MS.

IL-4

This cytokine inhibits the production by monocytes of many proinflammatory
cytokines and chemokines and promotes B cell proliferation and activation [40].
IL-4 has been detected in the CSF of MS patients [13]. The expression of IL-4
mRNA and the production of its mature protein is increased in peripheral blood
mononuclear cells from MS patients compared to controls [41] with little fluctu-
ation over time [24] and an interesting restriction to HLA-Drw?2 positive individ-
uals [42]. In addition, IL-4 has shown beneficial effects in the treatment and pre-
vention of EAE [43]. A polymorphic marker [variable number of tandem repeats
(VNTR)] located in the third intron of the IL-4 gene has been investigated and
found not associated with occurrence of MS [30]. We actually found that the 1L-4
gene is involved in the modulation of clinical phenomena in MS, since a VNTR



Cytokine Genes in Multiple Sclerosis 141

polymorphism is associated with the age at disease onset [44]. The role of IL-4 in
the genetic predisposition to MS deserves further attention.

IL-10

IL-10 was first identified as a cytokine synthesis inhibitory factor produced by
Th2 clones and acting on Thl cells via macrophage accessory cells [45, 46].
Subsequent work revealed that IL-10 is a pleiotropic cytokine that can inhibit var-
ious functions of T and B lymphocytes, mast cells, monocytes and EC [47, 48],
induce anergy in CD4* T cells [49], and stimulate B cell growth and Ig production
[50]. Moreover, it has been shown that IL-10 administration prevents and treats
EAE in Lewis rats [43, 51]. Serum levels of IL-10 are not significantly elevated in
MS, although several patients have elevated serum levels of IL-10 compared to
controls [13]. Interestingly, IL-10 mRNA and protein levels increase in vivo, after
glucocorticoid [52] or IFN-f [53] treatment of MS patients and after CD3 stimu-
lation in vitro [25].

A polymorphic marker (CA dinucleotide repeat) in the promoter region of the
IL-10 gene has been investigated and found not associated with the occurrence of
MS [30].

TGF-B

Transforming growth factor beta (TGF-p) is an exceedingly pleiotropic cytokine
involved in a wide variety of biological processes, ranging from inflammation to
development, tissue repair and tumorigenesis. It occurs in three isoforms, TGF-
B1,-B2, and -B3, which bind to three types of receptors. TGF- treatment reduces
[54-56], while neutralizing antibody to TGFB-1 enhances, the severity of EAE
[57]. A defective production of TGF-p has been found in T cell lines of MS
patients and showed some correlation with disease activity [58]. Autoantigens
[59], IFN-B [60] or corticosteroids [61] induce TGF-p mRNA expression in
mononuclear cells from MS patients.

A polymorphism (CA dinucleotide repeats) located in the 5’-untranslated
region of the TGF- gene has been evaluated for its implication in MS by sever-
al authors. All published reports concordantly indicate a lack of association with
the disease [30]. At present, the TGF-p gene should be considered not associated
with MS.

IL-1

IL-1ox and IL-1p are the two prototypical proinflammatory cytokines. The IL-1Ra
is a protein structurally related to IL-1f that forms a non-productive complex with
the two IL-1 receptors [62]. IL-1Ra occurs in three alternatively spliced forms, two
exclusively found in the intracellular compartment (icIL-1Ra type I and II), and
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one secreted (sIL-1Ra).sIL-1Ra is an effective inhibitor of the IL-1-induced proin-
flammatory effects [62], and has the potential to inhibit autoimmune inflammato-
ry demyelination in rats with EAE [63]. In MS, both IL-1a and IL-1B have been
found within MS lesions [64, 65]. Serum levels of sIL-1Ra normal during remission
phases in patients with the relapsing-remitting (RR) form, but increased signifi-
cantly during exacerbations or in response to IFN-f treatment [16, 66].

The genes for IL-1a, -1 and -1Ra are located in a cluster along the long arm of
chromosome 2 (Fig. 1). IL-1a and -1f have several single base polymorphisms,
two of which (both C/T dimorphisms) are located in the promoter regions of the
cytokines. The IL-1Ra gene is polymorphic in several regions: the gene of the sol-
uble protein is polymorphic in intron 2 and exon 2 and these polymorphisms are
completely associated [67], while there is not linkage disequilibrium between the
polymorphism of IL-1Ra and those of IL-1& and . The second intron of the IL-
1Ra gene contains an 86 bp VNTR polymorphism. Although five alleles have been
described so far (4, 2, 5, 3 and 6 repeats, respectively from Al to A5), Al and A2
are the only alleles with a potential clinical relevance, accounting for approxi-
mately 99% of all IL-1Ra alleles. Several studies seeking association between these
three cytokines and MS occurrence have provided contrasting results [68-70].

We performed a case-control association study based on a large cohort of
Italian subjects (339 MS patients and 339 age-matched healthy controls (HC)), and
found that, while IL-1a and IL-1p polymorphisms did not show significant dif-
ferences in the allele and genotype frequency (GF) between MS subjects and HC,
the IL-1Ra gene intron 2 polymorphism is moderately associated with the occur-
rence of the disease. The A1 allele appeared the major predisposing factor for the
disease, conferring an odds ratio (OR) of 1.83 in double copy and 1.35 in single
copy. A novel finding of our study was the association between IL-1Ra-polymor-
phism and clinical variables of MS. In our cohort of Italian subjects, in fact, a pro-
gressive increase in A1/A1 (and a mirror decrease A2/A2) GF actually paralleled

—A\N— A2

—ANNN—— A4

—DNNN— A1
C — Al c— A —DINNNN—— A3
T — A2 T — A2 —DDNNNNN—— AR

-889 -511 Intron 2
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Fig. 1. IL-1 cluster in the chromosome region 2q12-21 includes IL-1q, IL-1p and IL-1Ra
genes. Indicated are the polymorphisms studied: two C/T dimorphisms in the promoter
region of IL-1ct and IL-1P, and the VNTR in the IL-1Ra gene
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Fig. 2. Linkage analysis of IL-1 polymorphism clusters in multiple sclerosis patients

the clinical outcome of MS, being significantly more pronounced in non-benign
(patients that accumulated an expanded disability status scale (EDSS) score > 3
within 10 years from the clinical onset of the disease) than in benign MS patients
(EDSS < 3 after at least 10 years from disease onset) and, even more so, in HC.
Moreover, the percentage of patients with a more aggressive disease course
observed at 3 cut-off time points was always higher within the Al* genotype
groups than within the A2/A2 group. This aggravating effect was demonstrated
around a mild disability burden, measured EDSS score < 3, a clinical situation
where inflammatory phenomena are still likely to be active and able to influence
disease progression. Accordingly with these genetic observations, we found that in
peripheral blood mononuclear cells from HC and in patient sera the three poly-
morphic genotypes were associated with a different production of IL-1Ra: the A1*
genotypes were always associated with a lower production of IL-1Ra compared to
the A2/A2 genotype. Since the IL-1Ra is an anti-inflammatory cytokine, an
increase in A1* GF, leading to decreased cytokine production, is likely to foster a
sharpening of inflammatory processes, a more aggressive inflammatory/autoim-
mune disease and, possibly, a greater accumulation of disease clinical burden (as
assessed by the EDSS) over the years. The three association studies regarding the
three IL-1 cytokines located in the cluster 2q12-21 were combined for a linkage
disequilibrium analysis seeking possible association in a chromosomal region of
this locus. The results showed that indeed a “hot” region for MS occurence was
located nearby the IL-1Ra gene (Fig. 2). Genetical studies of the IL-1 gene family
cluster on chromosome 2 may reveal interesting insights into the complex phe-
nomena underlying MS and will have to be confronted with the results of more
detailed linkage analyses of the region derived from family based studies.
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Conclusions

The large number of potential candidate genes decrease the chances for associa-
tion studies (both based on single cases or on families) to reveal relatively small
effects of cytokine genes on predisposition or modulation of MS. However, at pre-
sent no better approaches are available to sort out the genetic control of complex
diseases. Current genetic models of MS susceptibility suggest the existance of two
or more genes, possibly varying among different populations and patients affect-
ed by clinical subtypes of the disease. Several “modulatory” genes which could
affect the disease clinical variables (age at onset, accumulation of disability, lesion
localization, etc.) are likely to exist. Some of these genes might be found among
those coding for immunorelevant molecules such as cytokines. Moreover, an
indefinite number of environmental (epigenetic) factors might interact with
genetic loci predisposing to this disease and influence the resulting clinical bur-
den, an event likely to occur in a disease developing over many years and for
which infective, inflammatory and hormonal phenomena modulate complex
immunological activities (e.g. cell activation, proliferation, cytokine secretion).
Although so far unrewarding and limited by technical problems, genetic studies
in MS are already popular. Large series of patients currently gathered for genetic
studies will provide the critical mass to achieve the needed statistical significance.
Confirmation by independent studies in other populations will be required before
accepting as meaningful the results of these studies [71].

We conclude that studies on cytokine gene polymorphisms have the potential
to provide relevant insights into the mechanisms of immunomediated CNS
demyelination in humans. Polymorphic genes of a great number of immunorele-
vant molecules should be evaluated to achieve a more complete picture of the
complex pathogenesis of MS.
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Chapter 15

Adhesion Molecules and the Blood-Brain Barrier in Multiple
Sclerosis

J.J. ARCHELOS, H.-P. HARTUNG

Introduction

Multiple sclerosis (MS) is an immune-mediated disease of the central nervous
system (CNS) and constitutes a major cause of transient and permanent neuro-
logical disability in the adult. The etiology and pathogenesis of MS are only par-
tially understood. On a cellular level, focal mononuclear cell infiltration with
demyelination and eventual axonal loss is a crucial pathogenetic event leading to
inflammation and subsequent dysfunction. Here we review evidence that adhe-
sion molecules (AM) expressed at the blood-brain barrier (BBB) and on T cells
play a central role in immune cell recruitment to the CNS. Therapeutic targeting
of AM has been very successful in the corresponding animal model of experi-
mental autoimmune encephalomyelitis and holds promise as a novel treatment
strategy to combat human immune-mediated disorders of the CNS.

Anatomy of the BBB

The BBB separates the intravascular and CNS compartments. It constitutes one
of the tightest blood-organ barriers known in the human body. The BBB consists
of a vascular endothelial cell lining with tight junctions, a basement membrane,
the pericytes and the glia limitans formed by astrocyte processes linked by gap-
junctions and, occasionally, microglial cells (Fig. 1). The intact BBB is a major
barrier for large molecules and for cells [1]. Only activated immune cells can
pass this barrier [2]. The latter observation is of special relevance for immune-
mediated disorders of the CNS such as multiple sclerosis. There, the presence of
T and B lymphocytes and monocytes in the perivascular demyelinating lesion is
a constant histopathological feature. There are several lines of evidence to sug-
gest an important pathogenetic role of these immune cells in this chronic inflam-
matory demyelinating disease of the CNS. Understanding the mechanisms
involved in lymphocyte and monocyte accumulation in MS lesions could lead to
new therapeutic options. Studies of the molecules involved in the transendothe-
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Fig. 1. The intact BBB and the extracellular compartments in the CNS. In immune-mediat-
ed disorders of the CNS such as multiple sclerosis, activated T cells enter the CNS by cross-
ing the BBB, the interface between the capillary compartment and the neural environ-
ment. The cellular components of the white matter are embedded in the extracellular
matrix (ECM). In the CNS, specialized anatomical structures such as vascular basement
membrane (BM) and the white matter profoundly differ in the composition of their ECM.
The BM is composed of classic ECM proteins, such as collagen type IV, fibronectin,
laminins, vitronectin, entactin, and heparan sulfate. The ECM of the white matter com-
prises hyaluronic acid, heparan sulfate proteoglycans, lecticans such as brevican, neuro-
can, versican, and other chondroitin sulfate proteoglycans, glial hyaluronic acid-binding
protein, thrombospondin and tenascin-R, and does not contain classic ECM proteins. The
ECM is mainly produced by astrocytes, and oligodendrocytes; the BM is also produced by
endothelial cells. A, Astrocyte; Ax, Axon; Mi, Microglial cell; O, myelin-forming oligoden-
drocyte

lial migration of T cells across the BBB have relied on both observations in MS
patients and in the animal model of MS, experimental autoimmune
encephalomyelitis (EAE). On a molecular basis, adhesion molecules on both T
cells and endothelial cells seem to be of crucial importance for the active
extravasation of T cells and monocytes [3]. This chapter will briefly summarize
this evidence in MS and EAE.

Adhesion Molecules

On a molecular level, adhesion molecules (AM) are critically involved in all steps
of the immune response [4, 5]. Based on their structure, three main classes of AM
can be distinguished: (1) members of the immunoglobulin superfamily, (2) inte-
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Fig. 2. a-c. Structural characteristics of adhesion molecules. Based on their structure, three
main classes of AM can be distinguished: integrins, members of the immunoglobulin
superfamily, and selectins. a Integrins such as VLA-4 (a4f1) are transmembrane, nonco-
valently linked heterodimers formed by two variable chains with the common structure
o f.. They bind to members of the Ig-superfamily and to a variety of adhesive glycopro-
teins on cells and in the extracellular matrix. Integrins mediate high-strength interactions
with ligands and their affinity is mainly regulated by conformational changes in the het-
erodimer. b Members of the immunoglobulin superfamily such as VCAM-1, ICAM-1 or
PECAM-1 are transmembrane molecules characterized by an extracellular region com-
posed of immunoglobulin (Ig)-like domains. This notoriously stable Ig-backbone inter-
acts with other members of the Ig family and with integrins. ¢ Selectins such as L-selectin
have a common modular structure consisting of an amino-terminal lectin domain, an epi-
dermal growth-factor (EGF)-like region, a variable number of short consensus-repeats
homologous to a complement-binding domain, a transmembrane region, and a short
cytoplasmic tail. Despite their structural similarities, selectins have distinct patterns of
expression. The lectin domain is directly involved in binding carbohydrate ligands on a
variety of molecules including mucins. Selectins have a low intrinsic binding affinity but
a high avidity for their ligands

grins,and (3) selectins (Fig. 2). Table 1 gives an overview of the best characterized
members of each group and their ligands [3].

The Blood-Brain Barrier in EAE
Expression of Adhesion Molecules

In naive EAE-susceptible mice, intercellular cell adhesion molecule-1 (ICAM-1),
vascular cell adhesion molecule-1 (VCAM-1) and platelet/endothelial cell adhe-
sion molecule-1 (PECAM-1) are present at low constitutive levels on endothelial
cells of large venules in the spinal cord and brain. Mucosal addressin cell adhe-
sion molecule-1 (MAdCAM-1), P-selectin and E-selectin are not detected in the
CNS of these animals [6-8]. In addition, a variety of endothelial integrins have
been described at the BBB in the normal Lewis rat [9, 10].
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Fig. 3 a, b. Expression of adhesion molecules and integrins in EAE. a In rat and mouse EAE,
endothelial cells of the CNS, infiltrating T cells and macrophages have an adhesion mole-
cule phenotype characteristic of T-helper-1-mediated disease. b Astrocytes and oligo-
dendrocytes express a variety of integrins in normal rats. In acute EAE, there is upregula-
tion of the vitronectin and laminin receptors on astrocytes and neo-expression of a2p1
integrin on oligodendrocytes, both mediated in vitro by tumor necrosis factor «, a central
proinflammatory cytokine in EAE

In the acute phase of EAE both ICAM-1 and VCAM-1 are upregulated on all
blood vessels (irrespective of lesion location), PECAM-1 is redistributed and
enriched at the endothelial tight junctions without an increase of expression, and
MAdCAM-1, P-selectin and E-selectin are not found at any stage of the disease [7,
8,11, 12]. Endothelial integrins are modulated in EAE and exhibit a defined spa-
tiotemporal expression pattern at the BBB [9, 10] (Fig.3). Clinical relapses and
parenchymal infiltration are paralleled by upregulation of ICAM-1 and VCAM-1
on blood vessels [13].

The presence of a variety of AM on mononuclear cells in EAE (Fig. 3) and their
upregulation on endothelial cells at the BBB during active disease suggest a
pathophysiological role of AM in the initiation of CNS inflammation.

AM and Transendothelial Migration at the BBB

The transendothelial migration of T cells at the BBB is of paramount importance
in the pathogenesis of immune-mediated disorders of the CNS. Systemic auto-
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reactivity only results in local autoaggression when activated T cells penetrate an
intact BBB, whose first and strongest component is the endothelial lining.
Blockade of the egress of T cells from blood vessels could prevent inflammation
and subsequent demyelination in the CNS.

A cascade of sequentially interacting pairs of AM seems to be responsible for
the crucial transendothelial migration of T cells into the target organ (Fig. 4) [3,
14, 15]. In vitro T cells predominantly use ICAM-1/lymphocyte function-associ-
ated molecule-1 (LFA-1) pathways if exposed to unstimulated endothelium [16].
By contrast, very late antigen-4 (VLA-4)/VCAM-1 is crucial for their transmigra-
tion through stimulated endothelium [17]. CD44, a transmembrane glycoprotein
expressed on T cells, macrophages and other non-hematopoietic cells such as
astrocytes, is involved in T cell migration into inflamed sites in several animal
models, although its exact role in T cell recruitment to the CNS remains to be
defined [18].

It is noteworthy that the kinetics of endothelial AM expression are regulated
differentially. ICAM-1, VCAM-1 and E-selectin are expressed at low baseline lev-
els and are strongly upregulated upon cytokine stimulation. In contrast, endothe-
lial PECAM-1 and mucins exhibit a high level of constitutive expression and are
upregulated much less upon cytokine challenge [19].

Treatment of EAE with Antibodies Acting at the BBB

To obtain more conclusive evidence for a pathogenic role of AM in EAE, thera-
peutic manipulation of EAE with monoclonal antibodies (mAbs) has been under-
taken. Antibodies to AM involved in transendothelial migration at the BBB pre-
vented clinical disease and reduced mononuclear infiltration and demyelination.
The mechanisms underlying suppression of EAE achieved with such intervention
vary considerably depending on which AM is targeted. Thus, antibodies directed
to ICAM-1, LFA-1, CD2, CTLA-4/CD28, B7-1 and B7-2 primarily inhibit the
process of antigen presentation that takes place in the lymph nodes draining the
immunization site during the induction phase of EAE or in the CNS where local
antigen presentation amplifies the incipient immune reaction. By contrast, anti-
bodies to VLA-4, VCAM-1, LFA-1, macrophage glycoprotein associated with com-
plement receptor function (Mac-1), or L-selectin interfere with transendothelial
migration of lymphocytes and monocytes in EAE [20]. Antibodies to Mac-1
involved in transendothelial migration of monocytes and to the chemoattractant
macrophage inflammatory protein-l1a (MIP-1a) [21] activating integrin-depen-
dent adhesion of T cells to endothelium markedly diminished severity of murine
EAE [21].

In rodent models of EAE, not all antibodies masking a specific AM are equipo-
tent: some prevent clinical signs completely while others only retard disease; even
worsening of EAE with anti-adhesion monoclonal antibody treatment was
observed [22]. It is difficult to interpret these conflicting results. A single AM
member can exhibit many different functions, each of which may be “localized”
to different domains of the molecule. On T cells, ICAM-1, LFA-1 and PECAM-1
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Fig. 4. Transendothelial migration of activated T cells across the BBB in EAE is mediated
by adhesion molecules. Through the action of selectins - a family of cell adhesion mole-
cules — T cells establish a loose reversible contact with endothelial cells. This initial rolling
is followed by a firm irreversible adhesion mediated by integrins a4p1 (VLA-4), aLp2
(LFA-1) and possibly avf3 (vitronectin receptor) on T cells and their Ig-like receptors on
endothelium (VCAM-1, ICAM-1, PECAM-1). Locally released chemokines (black circles)
bound to endothelial glycoproteins (glycocalyx) increase integrin adhesiveness, and
induce directed movement of T cells and monocytes. The subsequent transendothelial
migration of T cells through the BBB is thought to be mediated mainly by a4f1/VCAM-1.
Engagement of a4pl with VCAM-1 activates matrix metalloproteinases (MMP) which
degrade certain ECM proteins. The extracellular domain of VCAM-1 and ICAM-1 is shed
from the cell surface after T-cell-endothelial-cell interaction, and soluble forms circulate
in the blood and cerebrospinal fluid (cVCAM-1, cICAM-1). Physiological levels of circu-
lating forms of integrin ligands increase with pathology. T cells that have migrated into the
CNS interact with local cellular and ECM components such as hyaluronic acid via CD44
and possibly with tenascin-R/lectican networks via p1 integrins. The nature of this com-
plex interaction determines the outcome of the immune response in the target tissue

are the best characterized AM exhibiting different domain-dependent functions
in one molecule. Depending on the epitope of AM recognized, antibodies to LFA-
1 can provide either stimulatory or inhibitory signals to T cells, or even mimic the
binding of a ligand with subsequent conformational change of this integrin
resulting in activation [23]. For PECAM-1, domains 1 and 2 seem to be responsi-
ble for transendothelial migration of monocytes in response to chemokines and
cytokines, and domain 6 appears to mediate the migration of macrophages in the
ECM once these have left the vessel [24]. Severe side effects of antibodies to AM
have been described. Antibodies to ICAM-1 induced focal spleen and liver necro-
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sis, a generalized state of immunosuppression [25], and cerebral bleeding [26],
whereas antibodies to L-selectin precipitated severe lymphopenia in the Lewis
rat EAE model [27].

Potentially opposing actions and even severe side effects noted with these
antibodies underscore the complexity of the biological role of cell-adhesion mol-
ecules and emphasize the need for careful experimentation in appropriate animal
models prior to initiating clinical trials of antibodies to AM in MS. To understand
the multitude of individual functions and to be able to target the most appropri-
ate ones with high specificity, further studies are needed using antibodies with
well-characterized specificity or even engineered to react with defined epi-
topes/domains.

Summarizing in vitro and in vivo experimentation, the following roles of
membrane-anchored AM in the immune response emerge: integrins and mem-
bers of the immunoglobulin superfamily are involved in the migration of T cells
and monocytes/macrophages across vessel walls. Selectins are necessary for T
cell recirculation and for transendothelial migration (Table 1). Based on the stud-
ies published to date, the a4 chain of VLA-4, CTLA-4, and ICAM-1 appear to be
the most promising targets for intervention.

Disease Activity and MRI in EAE

In EAE, disease activity has been monitored and quantified with a semiquanti-
tative clinical score and immunohistochemistry. Recent technical improvements
offer the possibility to monitor disease activity and to observe a breakdown of
the BBB by magnetic resonance imaging (MRI) [28, 29]. Similar to the situation
in MS, Gd-enhancing lesions indicate a breakdown of the BBB in EAE and cor-
relate with mononuclear cell infiltrations in situ [30, 31].

The Blood-Brain Barrier in MS
AM Expression on T Cells and at the BBB in MS

Do the mechanisms of transendothelial migration studied in EAE by antibody
blockade also govern the immune response in MS? Most studies of the role of AM
during MS have relied on immunohistochemical analyses of AM expression dur-
ing different disease stages on autopsic CNS material or on blood or cere-
brospinal fluid (CSF)-derived lymphocytes. In addition, circulating adhesion
molecules (cAM) have been measured in blood and CSF in MS patients.

Adhesion Molecule Expression in the CNS, In acute and chronic active lesions,
ICAM-1, VCAM-1 and E-selectin are upregulated on endothelial cells [10].
Similar to the situation in EAE, certain integrins on endothelial cells are modu-
lated at the BBB [32]. The immune molecule expression patterns of infiltrating



156

].J. Archelos, H.-P. Hartung

Table 1. Adhesion molecules and their ligands. Only cellular distributions and functions of
adhesion molecules with potential relevance for the pathogenesis of MS are given

Adhesion molecule
(alternative name)

Cellular expression

Ligands

Immunoglobulin superfamily

ICAM-1 (CD54) *
VCAM-1 (CD106) ®
PECAM-1 (CD31) ¢
LFA-2 (CD2) ¢
LFA-3 (CD58) ¢
CD28 ¢

CTLA-4 (CD152)f
B7-1 (CD80) ¢
B7-2 (CD86) ¢

Integrins

VLA-4 (a,B,) (CD49d/CD29)

LPAM-1 (a,B,) (CD49d/CD104)

1 (,B,) (CD11b/CD18)

Selectins
E-selectin (CD62E)
L-selectin (CD62L)
P-selectin (CD62P)

Other

CD40
CD44

E, T, B, Ma, Mi, A

E, Ma, Pe

E, T (naive), Ma, NK
T, NK

E, T, B, Ma, Mi

T (resting,activated)
T (activated)

T, B, Ma, Mi, A

T, B, Ma, Mi, A

T, B, Ma
T (memory)
Ma, Mi, NK

T, B, Ma

B, MA,E
T,B,Ma, A, O

LFA-1, Mac-1, CD43
VLA-4,a,B,
PECAM-1, o §,
LFA-3

LFA-2

B7-1,B7-2
B7-1,B7-2
CTLA-4,CD28
CTLA-4,CD28

VCAM-1,FN, VLA-4, B,
VCAM-1, FN,
ICAM-1, FN, C3bi

sLewis*, ESL-1
sLewis*, mucins &
sLewis*, PSGL-1

CD154 (CD40L)
ECMproteins

A, Astrocytes; B, B cells; E, Endothelial cells; Ma, Macrophages or monocytes; Mi,
Microglia; NK, Natural killer cells; Pe, Pericytes, O, Oligodendrocytes; T, T cells (naive or
memory); C3bi, Complement factor 3bi; CTLA-4, Cytotoxic T lymphocyte antigen-4; ESL-
1, E-selectin ligand-1; FN, Fibronectin; ICAM-1, Intercellular cell adhesion molecule-1;
LFA-1, Lymphocyte function-associated molecule-1; LPAM-1, Lymphocyte Peyer’s patch
adhesion molecule-1; Mac- 1, Macrophage glycoprotein associated with complement recep-
tor function; MAdCAM-1, Mucosal addressin cell adhesion molecule-1; PECAM-1,
Platelet/endothelial cell adhesion molecule-1; PSGL-I, P-selectin glycoprotein ligand-1;
VCAM-1, Vascular cell adhesion molecule-1; VLA-4, Very late antigen-4

* 5 Ig domains

b 7 Ig domains

¢ 6 Ig domains

42 Ig domains

¢ 1 Ig domain

f1 Ig domain (dimer)

¢ Includes CD34, MAACAM, PSGL-1 and glycosylation-dependent cell adhesion molecule-
1 (GlyCAM-1)

" Includes hyaluronate, collagen, fibronectin and laminin.
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Fig. 5. Expression of integrins and immune molecules in active MS lesions. Integrins are
expressed and regulated on endothelial, neural and infiltrating mononuclear cells in MS.
Together with other immunomodulating molecules present on these cells, they contribute
to the development and maintenance of the inflammatory lesion. cICAM-1 and cVCAM-1
(circulating integrin ligands) are elevated in remitting-relapsing MS and correlate with
disease activity on cranial MRI. Only expression patterns described in MS lesions are
shown. Data from EAE, although they may apply to MS, are not included. B7, B cell activa-
tion antigen B7; CD40L (CD154), ligand of CD40; CXR, Chemokine receptors; FasL, Fas lig-
and; ICAM-3 (CD50), Intercellular cell adhesion molecule-3; LFA-3 (CD58), Lymphocyte
function-associated molecule-3; MMP, Matrix metalloproteinase; NFkB, Nuclear factor
kappa B; TNF-R, Tumor necrosis factor receptor; VCAM-1 (CD106), Vascular cell adhesion
molecule 1

T cells and resident neural cells have been described in the MS lesion in situ (Fig.
5). It is noteworthy that the ICAM-1/LFA-1 pair was expressed at relatively high
levels in plaques of all ages. In contrast, expression of the VCAM-1/VLA-4 pair
was lowest in acute lesions and increased in chronic lesions. The presence of cer-
tain integrin subunits has been associated with a chronic breakdown of the BBB
in MS [32].

AM Expression on T Cells in Blood and Cerebrospinal Fluid. Increased levels of LFA-1,
ICAM-1, LFA-3,CD2 and CD44 but decreased expression of VLA-4 and VLA-5 on
the surface of blood-derived T cells of MS patients have been reported by some
authors [33] but not confirmed by others [34]. Adhesion of T cells to endothelial
cells derived from MS patients was enhanced [33].

Adhesion molecule expression patterns on peripheral T cells have been ana-
lyzed in a longitudinal study: levels of CD28, VLA-4 and LFA-1 did not change sig-
nificantly during a 6-month period, although patients showed disease activity on
MRI [33]. Treatment with interferon-p-1a downregulated expression of VLA-4
but not of LFA-1, ICAM-1, L-selectin, or CD44 [35]. Treatment with methylpred-
nisolone transiently reduced LFA-1 expression on T cells, had no effect on L-
selectin and VLA-4 on T cells, but significantly altered the expression pattern of
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L-selectin, Mac-1 and VLA-4 on circulating monocytes [34-36]. T cells isolated
from CSF showed an increased expression of LFA-1, LFA-3,ICAM-1,VLA-3, VLA-
4,VLA-5,VLA-6, CD2, B7-1, and CD44 [37, 38].

Circulating Adhesion Molecules in MS

AM are not only present at the BBB as anchored transmembrane molecules but,
after interaction with the corresponding ligand, some are cleaved or shed and cir-
culate as soluble forms in body fluids [39]. Areas of interest are the cellular origin
of the circulating forms, the agents inducing cleavage and shedding, and the phys-
iological function of circulating adhesion molecules (cAM). In addition, in MS an
easy-to-measure disease activity marker is much needed: cAM could be promis-
ing candidates.

In MS, circulating forms of ICAM-1, ICAM-3, VCAM-1, E-selectin, and L-
selectin have been studied [20]. Circulating ICAM-1 (cICAM-1) is the best char-
acterized cAM in MS. Serum levels are consistently elevated in active relapsing-
remitting MS (RR MS) and correlate with the presence of Gd-enhancing lesions
in MRI indicating an open BBB. cVCAM-1 has a similar profile, although less data
are available and - compared to cICAM-1 - MRI findings are less consistent. Data
for cE-selectin are less convincing for RR MS, but it could be a useful marker for
monitoring chronic progressive MS. Of course, more studies are needed. The few
studies published on cL-selectin indicate an elevation in RR MS which is corre-
lated with the presence of Gd-positive lesions in MRI. Currently available assays
measure both neutrophil-derived and lymphocyte-derived L-selectin. It would be
interesting to quantitate only cL-selectin shed from lymphocytes by use of spe-
cific assays. This may considerably improve the utility of this marker in MS (for a
review see [36]).

Research on cAM needs to be intensified. More longitudinal studies are war-
ranted to evaluate the usefulness of cAM as easy-to-measure and reliable markers
of disease activity in MS. cAM in CSF, although of pathophysiological relevance,
will most likely not become a routine marker of disease activity. However, cAM
should not only be studied as indicators of disease; the pathobiological functions
of cAM in MS should also be elucidated. Most soluble AM circulate in an active
form as monomers, although cICAM-1 also circulates as a homodimer. Most cAM
are committed to bind their ligands either at their release site or systemically.
Some cAM have been shown to compete with membrane-anchored AM for their
ligands. Although ligand-bound cAM are not detected in serum or CSF, they may
possess relevant biological function. Illumination of the pathophysiclogical role
of cAM in MS may also have future therapeutic implications.

Conclusions

The blood-brain barrier as a defined anatomical structure is intimately involved
in the pathogenesis of immune-mediated diseases of the CNS. Adhesion mole-
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cules expressed at the BBB and their corresponding ligands present on immune
cells are of major importance for the transendothelial migration of T cells and
monocytes across the BBB. This step initiates the local immune response in the
target tissue and leads to mononuclear infiltration, demyelination and eventual
axonal loss with the associated neurological symptoms. The mechanisms operat-
ing at the BBB during migration of T cells into the CNS have been elaborated in
experimental autoimmune encephalomyelitis - an animal model of multiple scle-
rosis. These findings may have considerable therapeutic implications in the near
future. A better understanding of the BBB in physiology and pathology will like-
ly enlarge the therapeutic options in immune-mediated diseases of the central
nervous system.
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Non-Myelin Antigen Autoreactivity in Multiple Sclerosis
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Introduction

Immune-mediated damage is probably the most relevant event among those that
contribute to the pathogenesis of multiple sclerosis (MS). The search for autoanti-
gens inducing T cell responses in MS as well as in other immune-mediated, organ-
specific diseases was initated as soon as efficient techniques for the isolation and
expansion of antigen-specific T cell lines became available [1].

Myelin antigens were obviously considered first (discussed by M. Vergelli [2]),
because of the demyelinating nature of the disease and because there was formal
proof that the animal model of MS - experimental allergic encepahalomyelitis
(EAE) - could be induced through a T cell response against such antigens (dis-
cussed by A. Uccelli [3]). However, comparison between patients and controls of
precursor frequency, fine specificity, and functional characteristics of T cells spe-
cific for myelin antigens did not provide decisive results [4]. Contemporarily, cells
of the central nervous system - particularly oligodendrocytes - were shown to
suffer from “bystander damage” as a result of toxic mediators produced during
inflammatory responses. These toxic mediators include macrophage-derived fac-
tors such as tumor necrosis factor (TNF)-a [5-7], complement, eicosanoids, and
in some cases nitric oxide, whose synthesis by activated glial cells can be induced
by the proinflammatory cytokines TNF-a, interleukin (IL)-1 and interferon
(IFN)-y [8-12].

Hence, after a few years of research on myelin antigens, investigations on
potential autoantigens in MS were extended to non-myelin constituents of the
central nervous system (CNS). (Note that the adjective “non-myelin” may not be
fully correct in that the majority of these constituents are expressed by different
CNS cells, including oligodendrocytes; this term is therefore used as the contrary
to “myelin antigens” that refers to proteins expressed exclusively on the myelin
sheath.)
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dell’Universita 30 - 00185 Rome, Italy. e-mail: md0914@mclink.it
2IRCCS Santa Lucia, Rome, Italy
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Evidence from Animal Models

Recently, the implication of non-myelin antigens in autoimmunity received sup-
port from the demonstration that axonal loss is a conspicuous event in MS lesions
[13, 14]. However, the first evidence for this association came from experiments
in which EAE, the animal model of MS, was induced in rodents with a non-myelin
antigen. In these experiments, the $-100f protein in complete Freund’s adjuvant
induced CNS inflammation in the cerebral cortex, retina and uvea in addition to
the typical white matter lesions [15]. The lesions were particularly rich in infil-
trating T cells (in contrast to those of myelin basic protein-induced EAE in which
activated macrophages predominate). The other non-myelin antigen so far shown
to be potentially encephalitogenic is aB-crystallin, a small heat shock protein
(Hsp) having encephalitogenic potential in Biozzi AB/H mice [16].

Introduction of the novel concept of “determinant spreading” in the pathogen-
esis of organ-specific, immune-mediated diseases further fostered the interest in
T cell responses directed against non-myelin constituents of the CNS {17, 18].
Determinant spreading defines the recruitment of T cells specific for an increas-
ingly broad set of self-determinants as disease progresses. The spreading may
involve different epitopes of the same autoantigen (intramolecular spreading) or
different autoantigens (intermolecular spreading) as a result of secondary sensi-
tization of T cells against determinants that, in normal conditions, are not avail-
able for antigen presentation. This event has now been described in several mod-
els of autoimmune disease and is generally regarded as a promoter of disease pro-
gression. However, recent reports have suggested a protective role in animal mod-
els if the sensitization of T cells against new determinants involves lymphocytes
with a Th2 cytokine profile [19]. The relevance of determinant spreading for MS
progression is unclear. So far only two examples of intramolecular spreading are
available, one within the proteolipid protein (PLP) (reported as pathogenetically
relevant) [20] and the other within the myelin basic protein (MBP) sequence
(considered to be unrelated to disease progression) (Ristori et al., submitted).
Intermolecular spreading has not yet been documented in MS.

The concept of determinant spreading may even be extended, in view of recent
examples of molecular mimicry at the T cell receptor (TCR) level. TCR binding to
antigenic peptides is more degenerate than previously thought [21,22]. Hence, the
probability of molecular mimicry between different epitopes is relatively high
[23]. These findings may explain, at the epitope level, why pre-immunization not
only with autoantigens but also with apparently non-pathogenic antigens confers
disease protection in animal models of autoimmune disease [24]. If, as a result of
epitope spreading, there are several encephalitogenic epitopes on different
autoantigens, there are increased probabilities that pre-immunization procedures
with non-encephalitogenic antigens may lead to the induction of specific unre-
sponsiveness or deletion of autoreactive cells through molecular mimicry. Both
epitope spreading and molecular mimicry have important implications for future
therapeutic strategies and indicate that current attempts at specific immunother-
apies may have limited efficacy.
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Evidence from Pathology

An essential requisite for an autoantigen is its expression in the target organ. This
is obvious for myelin antigens but not for non-myelin ones. Among the potential
non-myelin autoantigens in MS, Hsp have received the greatest attention as far as
their CNS expression is concerned.

The rationale for investigating Hsp as potential autoantigens in MS is the
same as in other immune-mediated disorders [25]. Hsp are the most conserved
molecules known to date. Furthermore, they are relevant immune targets during
infection. Hence, there is a theoretically high chance of cross-reactive responses
to epitopes shared by host and microbial Hsp. This suggests the possibility that
Hsp trigger an autoaggressive response through a mechanism of molecular
mimicry. Moreover, as stress-induced proteins, Hsp antigens are upregulated
during inflammatory processes and are therefore ideal candidates for sustaining
the immunopathological loop of determinant spreading. It has recently been
shown that, within a proinflammatory milieu, material from damaged cells is
engulfed, processed and presented by dendritic cells to resting autoreactive T
lymphocytes that become activated. This bystander activation has been demon-
strated in EAE and in insulin-dependent diabetes mellitus in nonobese diabetic
(NOD) mice [26-28].

The best studied families of stress proteins are the 60 kDa (Hsp60), 70 kDa
(Hsp70) and small Hsp (particularly aB-crystallin). Much is known about Hsp60
and Hsp70 from the field of basic immunology [29, 30]. (Hsp60 and Hsp70 are
major immunogens. Hsp60 is potentially involved in the pathogenesis of other
immune-mediated diseases such as insulin-dependent diabetes mellitus and
rheumatoid arthritis. Sequences from self-Hsp70 are among the motifs eluted at
high frequency from MHC class II molecules. Hsp70 is the most conserved pro-
tein known to date [31], and thus has increased potential to elicit cross-reactive
responses). T cell responses to Hsp in EAE and MS suggest that reactivity against
these antigens is dysregulated (see following section). Hsp expression in the brain
is compatible with these proteins being target antigens in a disease of the cerebral
white matter [32]. Nonetheless, given the complex events that regulate Hsp
expression in different cell types, depending on the intensity and duration of var-
ious stress events, it was important to verify Hsp induction in glial cells following
proinflammatory stimuli and during an autoimmune inflammatory condition of
the brain. Hsp70 and Hsp27 can be variably induced in oligodendrocytes and,
according to some reports, in astrocytes following exposure to the cytokines IL-
1, IFN-y and TNF-a [33-36].

During the acute onset of EAE in SJL mice, Hsp60 immunoreactivity revealed
increased expression of the protein in inflammatory cells at lesion sites. In more
chronic phases, Hsp60 expression was detected in oligodendrocytes and astro-
cytes in areas adjacent to the inflammatory infiltrates. In lesioned areas, Hsp60
was found in mitochondria, in the cytosol, and on the surface of inflammatory
cells [36-38]. These findings may have implications in terms of modulation of the
inflammatory response. During immune responses to infectious agents, leuko-
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cytes express Hsp that become targets of cytotoxic cells [39]. Cytotoxic reactivity
to Hsp60 on the cell surface of infiltrating leukocytes may help limit the autoag-
gressive process. In EAE induced in Lewis rats [37], increased heat shock cognate
70 (Hsc70) mRNA levels were predominantly localized in neurons, while some
reactivity was noted in glia (probably astrocytes). At variance with data on Hsp60
expression in mouse EAE, inflammatory cells were not responsible for the notable
increase in Hsc70 message, indicating that in this case a role in the downregula-
tion of inflammation is unlikely.

Apart from some exceptions that go beyond the scope of this review, the
expression patterns of Hsp60, Hsp70 and aB-crystallin in the human brain dur-
ing MS are similar to that in EAE [36, 40, 41]. In active demyelinating lesions,
expression of these protein is maximal. Cell types involved are inflammatory
cells, oligodendrocytes (including proliferating oligodendrocytes at the lesion
edge), reactive astrocytes, endothelial cells and microglia.

Evidence from Functional Studies on Lymphocytes

Hspé60, Hsp70 and aB-crystallin are the most thoroughly studied proteins among
non-myelin autoantigens for their expression in tissues. In a passive transfer
model of EAE obtained using MBP-specific encephalitogenic T cell clones, Hsp60-
reactive T cells were recruited as the disease progressed [42], implicating such cells
in sustaining the disease process. Determinant spreading or mimicry between
Hsp60 and myelin constituents are both suitable explanations for this phenome-
non. The latter possibility may be supported by the work of Birnbaum and col-
leagues [43] who recently identified an M. Leprae Hsp60 peptide that is cross-reac-
tive with the myelin protein 2°,3’ cyclic nucleotide 3’ phosphodiesterase (CNP).

In MS, a dysregulated T cell response to Hsp70 but not to Hsp60 was reported
[44] and then confirmed in a larger series of patients [45]. Interestingly, the reac-
tivity against Hsp70 appeared to be directed against conserved regions of the pro-
tein, with frequent events of cross-reactivity between mycobacterial and human
Hsp70 sequences. Dysregulation of the T cell response to Hsp70 in MS was also
suggested by Stinissen et al. [46] who screened y& T cell clones derived from
peripheral blood and cerebrospinal fluid (CSF) for their proliferative response to
recombinant mycobacterial Hsp65 and Hsp70.

Van Noort and colleagues [47] identified aB-crystallin as the low molecular
weight fraction from MS-affected brain tissue which stimulated mononuclear
peripheral blood cells of patients but not of controls. The same group then
showed that Epstein-Barr virus infection induces the expression of aB-crystallin
in peripheral blood leukocytes. This may activate aB-crystallin-specific Th1 T
cells, supporting a model in which viral infections trigger myelin-targeted
autoimmunity [48].

The search for non-myelin autoantigens has not been restricted to Hsp. Among
other proteins of potential interest are transaldolase (TAL) and CNP. TAL is a rate-
limiting enzyme of the pentose phosphate pathway. Immunohistochemical analy-
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ses of human brain sections and primary murine brain cell cultures demonstrat-
ed that TAL is expressed selectively in oligodendrocytes at high levels. High-affin-
ity autoantibodies to recombinant TAL in serum and CSF were detected in 15 of
20 patients with MS but not in normal individuals or patients with other autoim-
mune and neurological diseases [49]. These results were confirmed in a subse-
quent study in which TAL was shown to be a more potent immunogen than MBP
in MS [50].

CNP, a protein associated with oligodendrocyte/myelin membranes, is also
present in lymphocytes and retina. It constitutes one major target for the humoral
response in MS [51]. A persistent humoral (IgM) response to CNP was detected in
sera of 74% of MS patients. The antibodies were also present in high titer in CSE,
The persistence of the antibody response is consistent with systemic immune
activation and ongoing antigenic stimulation. CNP binds the C3 complement,
raising the possibility of C3 receptor-mediated opsonization of myelin membrane
CNP. Moreover, phagocytosis of CNP-Ig immune complexes may be mediated by
membrane Ig Fc receptors of macrophages and CNS microglia. In retina, CNP is
expressed principally in photoreceptors at about the same level as in CNS white
matter [52]. This may explain the occurrence, in MS, of a periphlebitis reaction in
the retina [53], a location where myelin is absent.

Two new lines of research deserve to be mentioned. The first is the possibility
that T cell responses to non-proteinaceous moieties contribute to organ damage
in MS. This is highly speculative since, so far, it is inferred from (1) the presence
in MS lesions of yd T cells [54] specific to nonpeptide phosphoantigens (in par-
ticular a class of compounds known as the prenyl phosphates), and (2) the upreg-
ulated expression in MS lesions of CD1b [55] (the CD1 lineage of antigen-pre-
senting molecules which have evolved to bind and present non-protein lipid and
glycolipid self and foreign antigens). Nonetheless, the existence and pathogenetic
importance of T cells that cross-recognize self and foreign non-proteinaceous
moieties need to be assessed.

The second line of research stems from the identification, in humans, of T cell
responses directed against N-formylated peptides of mitochondrial origin
(Ristori et al., manuscript in preparation). Given the endosymbiotic origin of
mitochondria, the probability that T cells specific for N-formylated peptides of
mitochondrial origin cross-react with N-formylated peptides of microbial deriva-
tion is, in hypothetical terms, high. Both research fields will be among the many
aspects of MS to be explored in the future.
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Chapter 17

Myelin Antigen Autoreactivity in Multiple Sclerosis

M. VERGELLI

Introduction

It is currently believed that disturbances in the regulation of autoantigen-specif-
ic T cells, with a breakdown of immunological tolerance to myelin components, is
crucial for the pathogenesis of multiple sclerosis (MS). However, the target
autoantigens of this immune reaction are yet unknown. In MS the immune reac-
tivity to myelin proteins has been extensively investigated. To date, this work has
primarily focused on the two major myelin proteins, proteolipid protein (PLP)
and myelin basic protein (MBP), but there is increasing interest in reactivity to
minor myelin components such as myelin oligodendrocyte glycoprotein (MOG).
For these three myelin proteins, encephalitogenicity has been demonstrated upon
injection with immune adjuvants in susceptible animal strains, and T cells specif-
ic for these antigens are sufficient to cause experimental autoimmune
encephalomyelitis (EAE).

T Cell Reactivity Against Myelin Basic Protein

Cellular immune response against MBP has been studied in greatest detail prob-
ably because MBP is the easier to isolate among myelin components. Although
several questions have remained unanswered, data are available regarding the fre-
quency, epitope specificity, mayor histocompatibility complex (MHC) restriction,
T cell receptor (TCR) usage, and functional profile of MBP-specific T cell lines
generated from MS patients and from normal donors.

Frequency of MBP-Specific T Cells

Although this finding was not expected at the beginning, MBP-specific, potential-
ly autoreactive T cells are present in the peripheral blood (PB) of MS patients as
well as in normal individuals [1-5]. Similarly, autoreactive T cells were found in the
peripheral lymphoid organs of experimental animals and, upon in vitro activation,
these cells mediated autoimmune damage to the central nervous system (CNS) [6,
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7]. These findings indicate that autoantigen-reactive T cells escape the negative
selection process in the thymus and belong to the “normal” T cell repertoire.

A wide number of studies have addressed the issue of whether the frequency
of T cells with specificity to MBP differs between MS patients and controls. These
investigations have resulted in controversial findings. First of all, the absolute fre-
quency of MBP-reactive T cells in the peripheral blood varied enormously
depending upon the methods used for its determination (i.e. antigen-specific pro-
liferation [2-4], cytokine production after stimulation with antigen [8], or poly-
merase chain reaction (PCR) approach to identify MBP-specific T cells [9]).
Second, although several studies reported higher frequencies of MBP-specific T
cells in MS patients [2,8,10] other investigations failed to confirm these results
[4]. These controversial results can partly be explained by the fact that patients
and controls have not been carefully stratified for MHC-type, age and gender.
However, results from family and twin studies, where the immunogenetic differ-
ences were minimized or completely eliminated, indicated that the responsiveness
to MBP tends to be similar within members of the same family or twin set irre-
spective of disease status [11, 12]. These data suggest that the capability to mount
a T cell response to MBP is linked to the immunogenetic background of the indi-
vidual rather than to the disease process itself. Another possibility to explain the
conflicting results is that the peripheral blood was isolated from MS patients dur-
ing phases with different disease activity. However, stratification for disease sta-
tus was not performed either in the studies showing differences or in those which
failed to show them. The evolution over time of T cell responses to MBP in rela-
tionship with disease activity will be discussed in a following section.

Further evidence for the involvement of MBP-specific T cells in MS is provid-
ed by studies investigating in vivo activated peripheral blood T cells. The demon-
stration of MBP-reactive T cells in a pool of hypoxanthine-guanine-phosphori-
bosyltransferase (hprt) mutant T lymphocytes (somatic mutations at hprt gene is
an index of T cell amplification in vivo) cultured from the peripheral blood of MS
patients but not from normal individuals suggests that such cells were pre-acti-
vated in vivo either by MBP itself or by foreign antigens with sequence or struc-
tural similarity to MBP [13]. In addition, the frequency of MBP-reactive but not
tetanus toxoid-reactive T cells generated after primary recombinant interleukin-
2 (rIL-2) stimulation (to selectively expand those cells that had been activated in
vivo) was significantly higher in MS patients as compared with control individu-
als [14]. These results provide definitive in vitro evidence of an absolute differ-
ence in the activation state of myelin-reactive T cells in the peripheral blood of
patients with MS and suggest a pathogenic role of these autoreactive T cells in the
disease.

Finally, two independent reports have recently shown that MBP-reactive T cells
derived from MS patients have a decreased dependence on CD28/B7-mediated
costimulation [15, 16]. These data suggest that MBP-responsive CD4* T cells are
more likely to have been activated and or differentiated into memory T cells in
vivo in MS patients compared with controls, and provide further indirect evi-
dence for a role of these cells in the pathogenesis of MS.
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Fine Specificity of MBP-Specific T Cells

With respect to the epitope specificity in MBP recognition, a number of studies
failed to show preferential T cell recognition of any particular region of MBP in
MS patients compared to normal donors. Considerable heterogeneity exists in the
fine specificity of human MBP-specific T cells. In most MS patients and normal
donors, the anti-MBP response uses a large variety of T cell clones recognizing a
broad spectrum of peptide epitopes. Only in few cases the T cell response is
focused to restricted segments of the MBP molecule. The spectrum of MBP epi-
topes recognized by T cells is much more diverse in humans than in inbred
rodents. T cell epitopes can be located virtually in all regions of the human MBP
sequence. At least three immunodominant areas have been identified in the con-
text of different MHC class II restriction elements [2, 3, 17-20], and immunodom-
inance in T cell responses has been correlated to the binding affinity of the differ-
ent MBP peptides to the specific HLA-DR molecules [21]. These immunodomi-
nant areas are located in the N terminus, middle portion (amino acids 80-99) and
C terminus (amino acids 140-170) of the MBP sequence. A novel immunodomi-
nant region recognized by HLA-DR4-restricted T cells has been recently
described [22]. It is interesting that the immunodominant regions of MBP in
humans correspond to sequences which are encephalitogenic in different animal
strains susceptible to the induction of EAE [23, 24]. In particular, the middle
region of MBP is encephalitogenic in SJL mice as well as in Lewis rats. The poten-
tial importance of this portion of MBP is further supported by the observation
that the peptide MBP 83-99 (also MBP 84-102 and MBP 87-106) represents the
immunodominant region in the context of the MS-associated HLA-DR alleles [2,
18,19]. MBP 83-99 binds with high affinity to these HLA-class II alleles and in par-
ticular to both polymorphic alleles coexpressed in the HLA-DR15 Dw2 haplo-
type!, the (MHC) class II molecule with the strongest association with MS in
Caucasians [21, 25-27]. In addition, studies of (TCR) expressed in the brains of
HLA-DR15 Dw2-positive MS patients revealed a restricted group of CDR3 motifs
[28]. Similar motifs have been found in in vivo-activated MBP-specific T cell
clones (TCC) derived from MS patients [29], in encephalitogenic TCC isolated
from Lewis rats [30], and also in a cytotoxic, HLA-DR2a-restricted MBP 87-99-
specific TCC derived from an MS patient [19]. These findings support the hypoth-
esis of a pathogenic role of MBP 87-99-specific T cells, at least in a subgroup of
HLA-DR15 Dw2-positive patients [31].

Since T cell responses against the immunodominant portions of MBP repre-
sent a potential therapeutic target in MS, characterization of MBP 83-99-specific
T cells is considered critical. In a recent study, by using a large panel of peptides
with single amino acid substitutions, considerable heterogeneity was found with

! HLA-DRa paired with the product of HLA-DRB1*1501 = DR2b; HLA-DRa paired with
HLA-DRB5*0101 = DR2a.
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respect to recognition of the epitope (i.e. individual TCC were differently sensitive
to single amino acid exchanges within the peptide sequence) [32]. This hetero-
geneity was demonstrated even for TCC recognizing the epitope in the context of
the same HLA class II restriction molecule. Considerable variability was also
observed with respect both to TCR V& and VJ usage and to TCR binding affinity
for the peptide/MHC complex. Again, even T cells restricted by the same HLA-DR
molecule showed a high degree of heterogeneity with respect to TCR expression.
Thus, extensive heterogeneity exists within the T cell response to a well-defined
immunodominant region, and single TCC recognize the peptide epitope in dif-
ferent manners [32].

In summary no major differences were found in terms of fine specificity of
MBP-specific T cells between MS patients and controls. In addition, although
immunodominant areas of MBP have clearly been demonstrated, it is evident that
the T cell response even to a restricted portion of MBP is extremely complex and
heterogeneous.

TCR Usage of MBP-Specific T Cells

Following the description of restricted TCR variable chain usage in encephalito-
genic T cells in EAE, numerous investigations were directed to analyze TCR gene
expression in human MBP-specific T cells. Although first studies emphasized that
TCRV gene usage is restricted in MS patients [33,34], other investigations did not
confirm these findings [3, 20]. In addition, different TCR V gene products can be
used to recognize the same MBP peptide in the context of the same restriction
element [3, 32], while TCC expressing the same V family may recognize different
peptides (i.e. V gene usage does not correlate with T cell epitope specificity or
MHC restriction). Furthermore, T cell clones with identical specificity and V gene
usage do not necessarily express identical junctional region sequences, indicating
that they may recognize the peptide epitope in different manners. Finally, striking
sequence homologies were found among TCC recognizing the same MBP pep-
tide/MHC complex in spite of different V gene usage [35].

In spite of this complexity in the recognition of MBP and even of single MBP
epitopes by specific TCR, several groups have observed MBP-reactive T cells with
identical Va and VP junctional regions in the peripheral blood and CNS of MS
patients, suggesting that autoreactive T cell reponses may in some cases be
mounted by a limited set of expanded clones rather than by a large polyclonal T
cell population [36, 37].

Phenotype and Functions of MBP-Reactive T Cells

It is evident from EAE that the presence of MBP-reactive T cells is not sufficient
for the disease. Encephalitogenic T cells must be activated and express the appro-
priate functional phenotype both in terms of cytokine production and expression
of adhesion molecules [38-40]. In EAE, encephalitogenic T cells primarily belong
to the Thl subpopulation of CD4* T cells producing large amounts of the proin-
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flammatory cytokines interferon gamma(IFN-y), IL-2, and tumor necrosis factor
(TNF-at). Several pieces of experimental evidence support the idea that Th1-like
T cells play a major role in MS as well. It is well known that the therapeutical
application of IFN-y resulted in an increased exacerbation rate in MS patients
[41]. In addition increased levels of IL-2 have been observed [42]. Finally, several
reports demonstrated elevated TNF-ot levels in the blood and cerebrospinal fluid
(CSF) of MS patients and, more importantly these increased levels have been
related to disease activity [43, 44].

When the phenotype and function of MBP-reactive T cells were studied, it
became clear that essentially all T cell lines generated with MBP belonged to the
CD4" subpopulation [45]. This observation is clearly biased by the methodologi-
cal approach used to generate the T cell lines, since exogenous proteins are
processed by the endocytic pathway and presented in the context of MHC class II
molecules for recognition by CD4* T lymphocytes. Recent advances in under-
standing the basic mechanisms of interaction between the TCR of CD8* T lym-
phocytes and their specific ligands (MHC class I molecule complexed with the
antigenic peptide) have made it possible to investigate CD8-mediated T cell
responses to MBP and other myelin proteins by using synthetic peptides carrying
the epitopes necessary for binding MHC class I molecules [46]. However, only few
data are currently available about CD8-mediated T cell responses to myelin pro-
tein in MS. Although CD8" T cells have been detected in MS plaques, there is much
less evidence for a role of CD8* T lymphocytes in the pathogenesis of MS.

The functional analysis of MBP-reactive CD4* T cells has definitely shown a
wide heterogeneity in both MS patients and normal donors. Although first
reports suggested a similarity to encephalitogenic T cells in EAE in terms of
cytokine production (i.e. Th1-like phenotype) [47], it is now clear that MBP-spe-
cific T cells can secrete all possible combinations of cytokines [32, 48]. TCC were
identified which produced IFEN-y and TNF-a but not IL-4 or IL-5 (Th1-like), as
well as others that produced high amounts of IL-4 and IL-5 and little or not IFN-
y and TNF-a/p (Th2-like T cells). Most TCC produced cytokines characteristic of
both Th1 and Th2 (ThoO-like). The cytokine profile of ThO TCC ranged from being
predominantly Thl-like to being primarly Th2-like. Most TCC produced IL-10
and TNF-a, irrespective of their release of IFN-y, and IL-4. No correlation was
found between IL-4 (or IL-5) and IL-10, nor between IFN-y (or TNF-f) and TNF-
a, suggesting that IL-10 and TNF-o are not useful to discriminate Th1-like from
Th2-like cells. Interestingly, heterogeneous cytokine secretion patterns were also
observed among the TCC generated from single individuals [32].

Another function of CD4" T lymphocytes that has been correlated to the
encephalitogenic potential in EAE is cytotoxicity. It has been shown that a con-
siderable proportion of human MBP-specific CD4"* T cells mediates HLA class II-
restricted target cell lysis [49-51]. When cytotoxicity of CD4* MBP-reactive T cells
was analyzed in more detail, a heterogeneous pattern emerged. MBP-specific T
cells can be non-cytotoxic or mediate cytolytic activity by two distinct mecha-
nisms: perforin-mediated killing or Fas/Fas ligand-mediated cytotoxicity. These
two cytolytic pathways are not mutually exclusive. MBP-specific T cells which
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mediate highly efficient, perforin-dependent killing and also express high levels
of functional Fas ligand have been isolated [52].

In conclusion, the functional analysis of MBP-specific T cells has demonstrat-
ed a high degree of complexity even among T cells obtained from single donors.
The number of TCC examined so far does not permit definitive conclusions as to
whether any functional phenotype is more common in patients affected by MS
compared to normal donors.

Evolution Over Time of T Cell Response to MBP

As mentioned previously, T cell responses to MBP have been investigated widely
in MS patients. However, little is known about the evolution over time of this
response in individual patients. Salvetti and colleagues found that T cell lines
derived from three patients reacted to only one or two MBP peptides in spite of a
relatively long disease history [53]. A repetition of this assay on T cells from one
of these patients eight months later showed the same restricted epitope recogni-
tion even though clinical activity in this patient had increased. Similarly, a study
of T cell clones derived from two HLA-DR2-positive patients showed dominant
reactivity to MBP 84-102 and MBP 143-168. These reactivities were due to clonal
expansions which persisted for several months [36]. Finally a recent investigation
carried out in MS patients with benign disease showed a predominant T cell
response to single MBP epitopes that was stable over time and mediated by clon-
ally expanded populations [54]. Taken together, these studies suggest that the
repertoire of autoreactive T cells is stable over time and argues against the
hypothesis of extensive determinant spreading during the course of MS.

On the other hand, changes in the pattern of cytokine secretion by autoreac-
tive myelin-specific T cell clones have been described [55]. These changes corre-
lated with the disease status in patients with MS. PLP-specific T cell clones gener-
ated during acute attacks of MS were characterized by a Th1-like profile whereas
T cell clones raised from the same donors during remissions showed a pattern of
cytokine production resembling that of murine ThO and Th2 subsets.

In a recent study, my colleagues and I have serially investigated the frequency,
peptide specificity, and cytokine profile of MBP-specific T cells in patients affect-
ed by MS (M. Vergelli et al., manuscript submitted). We aimed to determine if
changes in the frequency and functional characteristics of MBP-reactive T cells
are associated with inflammatory activity in the CNS. To this purpose, MBP-spe-
cific T cell lines (TCL) were generated from the peripheral blood of MS patients
who underwent a serial gadolinjium-enhanced magnetic resonance imaging
(MRI) study (a currently accepted measure of inflammatory activity within the
CNS). These T cell lines were expanded in culture and functionally characterized
at different times. Episodic changes in the frequency, peptide specificity and func-
tional repertoire of MBP-specific T cells were observed in each patient, suggest-
ing that different sets of T cell clones are used for the recognition of MBP by indi-
vidual patients at different times. In some patients an increased frequency of
MBP-specific T cells was observed at time points corresponding to re-activation
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of inflammatory activity in the CNS. These increases in the frequency of MBP-
specific T cells were associated with changes in the panel of epitopes recognized
by T cells, suggesting that specific sub-populations of MBP-specific T cells had
been expanded. In other patients similar episodic expansions of MBP-specific
sub-populations were detected even if the analysis of MRI images revealed nei-
ther new lesions nor enlargement of pre-existing lesions during the entire follow-
up. When the functional properties of MBP-specific T cell lines were analyzed, it
become obvious that T cells generated during active inflammation within the
CNS were more often characterized by a Th0/Th2 phenotype, whereas T cells gen-
erated at times without detectable MRI activity produced greater amounts of the
Th1 cytokine IFN-y. These results indicate that the pattern of MBP recognition
over time is more complex than previously described. Episodic fluctuations of the
number of MBP-specific T cells are probably common events during the course of
MS. These fluctuations seem to be related to expansion of MBP-specific T cell
populations with restricted specificity and characterized by a certain cytokine
profile. These phenomena are probably superimposed on a rather stable pattern
of MBP responsiveness.

Degeneracy in Antigen Recognition by MBP-Specific T Cells

As previously mentioned, T cells specific for self myelin antigens can be isolated
from the peripheral blood of patients with MS as well as from healthy individu-
als. The biological meaning of these autoreactive circulating T cells is still
unknown. One surprising finding is the high frequency of MBP-reactive T cells
that can be isolated from both MS patients and normal individuals by using high
antigen concentrations in the primary cultures (A. Vergelli et al., manuscript sub-
mitted). When the functional features of these T cells generated with high antigen
concentration were examined, it was obvious that they recognized a wider spec-
trum of MBP epitopes and required higher antigen concentrations to be activat-
ed than MBP-specific T cells obtained using low antigen concentrations. The
affinity (antigen requirement) of MBP-specific T cells appears therefore to be
strictly related to the concentration used in the primary culture: at low antigen
concentrations a small number of high affinity T cells was isolated, while the use
of high antigen concentration in the primary culture yielded a high number of
low-affinity TCL. These findings indicate that a high number of low-affinity
autoreactive T cells is part of the “normal” T cell repertoire.

Recent studies have shown a high degree of degeneracy in antigen recognition
by MBP-reactive T cells [56, 57]. The identification of single amino acid substitu-
tions in MBP peptides yielding increased T cell responsiveness [58] as well as the
proliferative response of MBP-specific T cell clones to combinatorial peptide
libraries (consisting of mixtures containing up to 10** different peptides) [59]
suggested that the number of productive ligands for a single autoreactive T cell
clone is much higher than previously expected. These approaches enabled my col-
leagues and I to identify cross-reactive peptides inducing T cell responses at lower
antigen concentrations than native MBP peptides, suggesting that the “real” speci-
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ficity of MBP-reactive T cells may be to an antigen different from that used to
select and expand of these T cells in culture. The MBP peptide could just happen
to be a low-affinity cross-reactive ligand.

The presence of high numbers of circulating low-affinity MBP-reactive T cells
is fitting with the hypothesis that, due to the large extent of degeneracy in T cell
recognition, self-reactive T cells are commonly activated and expanded during
the course of protective immune reactions to foreign agents. However, the low-
affinity antigen recognition prevents these autoreactive T cells from triggering
autoimmunity even if they encounter the cross-reactive self antigen within the
target organ (i.e. the CNS). However, in the case of a concomitant inflammatory
process in the CNS causing increased expression of MHC and costimulatory mol-
ecules, it is conceivable that the low affinity can be compensated for by the ele-
vated number of available MHC-peptide complexes on the surface of antigen-pre-
senting cells (APC) and by costimulatory factors raising the overall avidity
beyond the threshold required for triggering an effector T cell response. Once the
inflammatory reaction is established within the CNS, the process can be further
amplified by the release of self antigens. In addition, successive cross-stimulation
of low-affinity self-reactive T cells in the periphery might result in exacerbations
of the inflammatory reaction in the CNS due to the “susceptible” local environ-
ment. Therefore, both systemic and organ-related factors are required to trigger
autoimmunity in this scenario. Alternatively, a second but not mutually exclusive
scenario can be envisioned in which foreign antigens may interact and cross-acti-
vate T cells with high-affinity self-reactive TCR. This will lead to expansion and
activation of self-reactive T cells that may trigger autoimmunity by themselves.
This is probably similar to what happens in experimental autoimmunity when
animals are immunized with a self antigen leading to the expansion of high-affin-
ity self-reactive T cells.

T Cell Reactivity Against Other Myelin Proteins
Myelin Oligodendrocyte Glycoprotein

Myelin oligodendrocyte glycoprotein (MOG), a member of the imunoglobulin
superfamily, is expressed exclusively in the CNS where it accounts for 0.05% of the
total myelin proteins [60, 61]. In spite of its low amount, the immune response to
MOG contributes to the autoimmune-mediated demyelination observed in ani-
mals immunized with whole CNS homogenates. In addition, MOG by itself is able
to generate both an encephalitogenic T cell response and autoantibodies which
result in a relapsing-remitting form of EAE characterized by extensive demyeli-
nation [62, 63]. Direct demyelinating activity of anti-MOG antibodies has been
demonstrated in different in vivo and in vitro systems [61].

These findings have prompted the examination of MOG reactivity in MS even
if these studies have been limited by difficulties in purifying sufficient amounts of
the protein. Although few data about antibody reactivity to MOG in MS are avail-
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able [64], two reports demonstrated strong T cell responses against purified MOG
in MS [65]. When peripheral blood lymphocytes (PBL) from MS patients and con-
trols were compared for reactivity to different myelin antigens, reactivity to MOG
predominated. Interestingly, little reactivity to MOG was demonstrated in controls
[65, 66]. These findings have been recently confirmed using a recombinant prepa-
ration representing the extracellular Ig-like domain of human MOG [67]. Finally,
increased T cell reactivity to a number of synthetic MOG peptides was demon-
strated in HLA-DR2(15)-positive MS patients using an Elispot assay to detect the
number of T cells secreting IFN-y in response to the specific antigen [68].

Proteolipid Protein

Proteolipid protein is a highly hydrophobic molecule. Due to its physico-chemi-
cal features, PLP is difficult to isolate and to use in cell culture studies because of
the tendency to precipitate in aqueous solutions. For these reasons, studies inves-
tigating PLP reactivity in MS are fewer than those directed to study MBP. A few
investigations documented PLP-reactive T cells in the PB and CSF of patients
affected by MS as well as of healthy individuals [69, 70]. In addition, PLP-specific
TCL have been established in culture. Nevertheless, the response in culture to the
entire protein is usually weak and no differences were detected in the frequency
of PLP-reactive T cells between MS patients and normal donors.

Better results in generating PLP-reactive TCL have been obtained using syn-
thetic PLP peptides. Three immunodominant regions of PLP have been identified
so far (amino acids 40-60, 95-117 and 185-205) [71-75]. These regions are located
in hydrophilic portions of the molecule. Increased proliferative responses to two
overlapping PLP peptides (PLP 184-199 and PLP 190-209) were found signifi-
cantly more frequently in PBL of MS patients than in those of healthy control sub-
jects. TCL generated in vitro with these peptides retained the capability of recog-
nizing the entire PLP, demonstrating that that these peptides can be naturally
processed [75]. In a different study, estimated frequency analyses were performed
on the PBL of HLA-DR15-positive MS patients and controls using TCL initiated
by the three immunodominant peptides of PLP. TCL from HLA-DR15-positive MS
subjects recognized PLP 95-117 significantly more frequently than did TCL from
control subjects [76]. These results confirm previous investigations by Tabira and
collaborators who showed increased responsiveness to this region of PLP in MS
patients compared to normal donors, especially in the context of HLA-DR15 [73].

With respect to phenotype and functions, PLP-specific TCL are similar to
MBP-specific TCL. They belong to the CD4* subset, are restricted by HLA-DR
molecules, and can mediate cytotoxic activity. Modifications of the cytokine
secretion pattern by PLP-specific T cells during the course of MS have been
reported, with a predominant Th1-like profile associated with clinical exacerba-
tions. Although it is not completely clear whether there are quantitative or quali-
tative differences on PLP-specific T cells between MS patients and normal indi-
viduals, PLP-specific T cells have been identified in the CSF [70] as well as in the
fraction of in vivo-activated PB T cells [14, 77].
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Other Proteins

T cell responses have also been demonstrated to other proteins expressed in
myelin such as myelin-associated glycoprotein (MAG) [78, 79], or in the myelin
forming cells of the CNS (i.e. oligodendrocytes) such as 2’-3’-cyclic nucleotide 3’-
phosphodiesterase (CNPase) and transaldolase-H [80, 81]. However it is current-
ly unknown whether these responses differ between MS patients and controls.
Several laboratories are involved in the characterization of T cell responsiveness
to these alternative autoantigens in humans and in the evaluation of the encephal-
itogenic potential of these myelin components in animal models.

Conclusions

Besides the well-characterized response against MBP, it is clear that T cell reac-
tivity exists in humans against each myelin component that has been examined so
far. Considering that susceptibility to both EAE and MS is under control of the
MHC background and that different myelin antigens result in different forms of
EAE in different animal strains, it may be speculated that different myelin com-
ponents may be responsible during the initial stages of MS in individual patients.
Finally, little is known about the functional characteristics of the T cell response
to myelin antigens different from MBP, in particular with respect to their affinity
in antigen recognition and their intrinsic potential for cross-reactivity. These lat-
ter points may have important implications if considered in the context of degen-
erate T cell recognition and its relationship with molecular mimicry. Further
studies on well-defined subgroups of MS patients (stratified for MHC back-
ground and disease status), in particular if combined with longitudinal evalua-
tion of the fluctuations of disease activity within the CNS, are certainly required
to better understand the role of T cell reactivity to myelin antigen in the patho-
genesis of MS.
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Chapter 18

Inflammation and Multiple Sclerosis: a Close Interplay

G. MarTINO"2, R. FURLAN !, P.L. POLIANI"?

Inflammation: Hystorical Highlights

In the first century A.D., Cornelius Celsus first described the inflammatory process
by indicating its five cardinal signs: rubor, tumor, calor, dolor and functio laesa.
The intrinsic characteristics of the inflammatory process were subsequently
described in 1793 by John Hunter who stated that the inflammatory reaction is
not a disease but a specific response that has a “salutary” effect on its host. The
pathological aspects of the inflammatory process were first described in the nine-
teenth century by Julius Cohnheim who claimed that in the inflammed tissue
there is an initial vasodilatation associated with increased vascular permeability
and changes in the blood flow causing edema and leukocyte extravasation. At the
end of the nineteenth century, Elia Metchnikoff suggested that the purpose of the
inflammatory process is to bring phagocytic cells to the injured areas to engulf
invading bacteria. At the beginning of the twentieth century, Paul Enrich indicat-
ed that inflammation involves not only cellular (phagocytosis) but also serum fac-
tors (antibodies), and Sir Thomas Lewis concluded that the vascular changes
occurring during the inflammatory process are mainly mediated by chemical
substances (reviewed in [1]).

The Inflammatory Process

At present, there is a general consensus in defining the inflammatory process as a
reaction of blood vessels in vascularized living tissue to a local injury leading to
the accumulation of fluid and blood cells [1]. The inflammatory reaction can be
further divided in acute or chronic inflammation. The acute reaction has a short
duration (few minutes to 1-2 days) and is characterized by exudation of fluid and
plasma proteins (edema) along with recruitment of neutrophils. The chronic
reaction has a long duration (days to months) and is characterized by the pres-
ence in the inflammed tissue of lymphocytes and macrophages and by the prolif-
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eration of blood vessels (angiogenesis) and connective tissue (fibrosis). Different
stimuli such as hypoxia, physical agents, chemical agents, drugs, infectious agents
and immune-mediated processes can induce an inflammatory reaction. The life-
span of the inflammatory reaction depends on the “quality”, “quantity” and “per-
sistance” of the inflammatory stimulus.

Inflammatory stimuli induce the production of inflammatory mediators which
can be subdivided in plasma and cellular mediators. These factors participate in
most of the vascular and cellular responses. Among plasma mediators, the com-
plement system plays a major role along with the kinin system and the
clotting/fibrinolytic system. Cellular mediators include preformed chemical sub-
stances like histamine, serotonin and lysosomal enzymes as well as newly synthe-
sized substances like prostaglandin, leukotrienes, platelet activating factors,
chemokines and cytokines.

Inflammatory Mediators

Inflammatory mediators produced ex novo or preformed participate in the
inflammatory reaction as a cascade (Fig. 1) [2]. The primary mediators are the
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Fig. 1. The role of primary inflammatory cytokines in igniting local and systemic reac-
tions of the innate immune system. The activation of the innate immune system when the
inflammatory stimulus is persistent leads to the activation of the specific immune system.
Stimulatory as well as inhibitory signals are indicated with plus (+) and minus (-) signs,
respectively. Gluc, glucocorticoids; HPAA, hypothalamic-pituitary-adrenal axis; CSFs,
colony stimulating factors
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so-called primary inflammatory cytokines: interleukin (IL)-1, tumor necrosis
factor (TNF)-a, and to some exent IL-6. These cytokines, which are mainly pro-
duced by activated macrophages (mostly in response to immune or microbial
stimuli) [3], induce the production of (a) secondary mediators which act locally
(e.g. in the target tissues) and systemically, and (b) acute phase proteins (by the
liver) which in turn (e.g. C-reactive protein) amplify the systemic innate immuni-
ty. If the inflammatory stimulus persists the reaction tends to became chronic
thus inducing primary inflammatory cytokine-mediated leukocyte recruitment
and survival in the target tissue. This recruitment is regulated by the production
of lipid and peptide mediators. Among these latter mediators, chemokines
(chemo-attractant cytokines) [4] and colony-stimulating factors (CSF) play a
major role [5] by setting the stage for the activation of specific immunity such as
antigen-dependent activation and differentiation of T lymphocytes. After antigen
recognition and activation, CD4* (and CD8") T cells (in mouse and human) dif-
ferentiate into two distinct cell subsets which differ in their cytokine secretion
profile. T helper 1 (Th1) cells secrete IL-2, IFN-y, and TNF-J3 whereas T helper 2
(Th2) produce IL-4, IL-5, and IL-13 (reviewed in [6]). Thus, Th1 cytokines play a
major role in promoting and supporting the inflammatory process via the activa-
tion of macrophages secreting primary inflammatory cytokines, but also in regu-
lating delayed-type hypersensitivity (DTH) reactions and in IgGl (human) or
IgG2a (mouse) but not IgE synthesis. Conversely, Th2 cytokines, play a predomi-
nant role in immediate-type hypersensitivity (IL-4 is in fact the critical stimulus
inducing a switch to IgE antibody production) and in the downregulation of
inflammatory responses by inhibiting secretion of primary inflammatory
cytokines [6, 7]. The cytokines produced by each Th cell subset are, in fact,
inhibitory for the opposite subset. In this complex scenario, glucocorticoid hor-
mones and the hypothalamic-pituitary-adrenal axis (HPAA) regulate the inflam-
matory process at different levels (Fig. 1).

In conclusion, the induction of specific immunity is therefore one of the pri-
mary end points of the inflammatory reaction. This is essential to perpetuate the
inflammatory process due to its ability to upregulate the production of primary
inflammatory cytokines, which in turn restimulate the critical pathways of the
inflammatory process (Fig. 1).

Multiple Sclerosis, Inflammation and Cytokines

Multiple sclerosis (MS) is a demyelinating disease of the central nervous system
(CNS) of unknown etiology [8]. Its pathological hallmark is the presence within
the CNS of inflammatory infiltrates containing few autoreactive T cells and a mul-
titude of pathogenic nonspecific lymphocytes [9]. Among T cells present in the
CNS of MS patients, CD4" predominate although CD8* and B cells are also pre-
sent [10]. The pathological process underlying MS determines the typical patchy
CNS demyelination, ranging from demyelination with preservation of oligoden-
drocytes to complete oligodendrocyte loss and severe glial scarring. In most
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instances, however, oligodendrocytes or their precursors are morphologically
preserved in demyelinating plaques, and remain capable of differentiating and
remyelinating [11]. MS is therefore considered an autoimmune organ-specific
inflammatory demyelinating disease of the CNS; an immune-mediated reaction
triggered by a still unknown stimulus (virus?) ignites a cascade of inflammatory
events leading to the activation of the specific immunity which indefinitely per-
petuates the inflammatory process. T cells committed against CNS components
(e.g. myelin proteins) provide the organ specificity of the pathogenic process.
These T cells regulate the recirculation within the CNS of nonantigen-specific
lymphomononuclear cells which form the CNS-confined perivascular inflamma-
tory infiltrates characteristic of the disease and in turn act as effector cells by
directly destroying oligodendrocytes or by releasing myelinotoxic substances [9].
Studies performed on transgenic animals affected by experimental allergic
encephalomyelitis (EAE), the animal model for MS, have confirmed that periph-
eral polyclonal expansion of lymphocytes driven by nonspecific inflammatory
stimuli along with T cells specific for myelin antigens is actually required to
obtain CNS perivascular inflammatory infiltration and demyelination [12, 13].
After a CNS-localized immune reaction [8], whose primary trigger as well as
the primary target (i.e. myelin components) are still partially unknown, primary
inflammatory cytokines are released and represent the starting point of the
pathological process occurring in MS. TNF-a, IL-1p as well as IL-6 have been
found in MS plaques at the protein as well as the mRNA levels [14]. When the so-
called primary inflammatory cytokines are produced within the CNS, the inflam-
matory MS-specific process procedes via the in situ production of primary
inflammatory cytokine-induced mediators. Among them, chemokines [14, 15],
colony-stimulating factors [16] and lipids [17-19] have been found in active MS
plaques. Due to the combined action of cytokines and chemokines, leukocytes are
then recruited within the CNS. The typical pathological aspect of autoptic or
brain biopsy material from MS patients indicates that lymphocytes and mono-
cytes predominate in areas of demyelination and perivascular inflammation [11].
The recruitment of leukocytes within the CNS amplifies the local innate immuni-
ty via the activation of glial cells {mainly astrocytes and microglial cells) which
then actively participate in the ongoing inflammatory process. Activated
microglia are the main population of phagocytes in early stage of demyelination
[20,21] and primary inflammatory cytokines are found in astrocytes at the edge
of MS plaques [22]). We have recently shown in MS patients that the normal
appearing white matter, which subsequently will contain foci of perivascular
inflammation, shows magnetic resonance imaging changes early before the
appearance of the inflammatory foci [23]. When local innate immunity is ampli-
fied, the specific immunity generating T cells against myelin components takes
place in the CNS of MS patients. Primary inflammatory cytokines can induce per
se a myelin breakdown [14] determining the release of myelin components which
then become immunogenic and stimulate a T cell-specific response [8]. In MS
patients, T cells against myelin-associated glycoprotein (MAG) [24], myelin basic
protein (MBP) [25], proteolipid protein (PLP) [26] and myelin oligodendrocyte
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glycoprotein (MOG) [27] are present at higher levels compared to healthy subjects
either in the blood or in the cerebrospinal fluid (CSF) [28-30]. It has also been
shown that these specifc T cells and in particular those reacting against MBP are
of the Thl phenotype and therefore are able to perpetuate the inflammatory
process by producing some of the putative primary inflammatory cytokines [31].
A more direct evidence that T cells against myelin components, such as MBP, are
present within demyelinating areas comes from a recent study showing that MS
brain T cell receptor (TCR) transcripts were shared in part with the CD3 region
of a VP 5.2-expressing DR2a-restricted MBP87-106-specific cytotoxic T cell line
[32].In MS patients, the local effects due to the inflammatory process are also par-
alleled by systemic effects which tend to amplify the local innate and specific
immunities. Several non-MS specific inflammatory markers have been variably
found in blood as well as in CSF samples from MS patients [14]. Among them pri-
mary inflammatory cytokines are consistently found and seem to correlate with
preclinical phases of disease activity [33]. The presence of inflammatory
cytokines in the peripheral circulation of patients with MS could contribute to
amplify the CNS-confined inflammatory events. Myelin-specific T cells are in fact
present in the peripheral circulation of normal individuals [34] as well as MS
patients and can be (re)activated via specific inflammatory stimuli such as pri-
mary inflammatory cytokine production [35].In non-human primates, MBP-spe-
cific T cells producing proinflammatory cytokines after in vitro activation are
able to induce EAE upon transfer into irradiated autologous recipients [36].
Myelin-reactive T cells are then pivotal in orchestrating and perpetuating the
inflammatory events during MS. When the inflammatory process starts, it pro-
cedes like a vicious circle. Myelin-specific T cells, in fact, produce Thl-type
cytokines including IFN-y which in turn increase the production and the activity
of primary inflammatory cytokines either locally where these cytokines can
directly destroy the myelin sheath (e.g. TNF-a), or systemically where these
cytokines can activate macrophages as well as T cells in a nonantigen-specific
manner [37]. This latter hypothesis is supported by the recent findings that (1)
nonantigen-specific priming can be induced in vitro in CD4* T cells by proinflam-
matory cytokines (i.e. TNF-a, IL-2, and IL-6) [38] and in CD8* T cells by IFNs [39]
and that (2) T cells (mainly CD4*-memory) from MS patients can be activated in
a myelin-independent fashion by the combination of two primary inflammatory
cytokines (TNF-a and IL-6), the prototypical Thl cytokine (e.g. IFN-y) and a T cell
growth factor (e.g. IL-2). We have shown this cytokine-mediated “bystander” effect
in MS patients and demonstrated that it is sustained by a cytokine-induced per-
sistent increase of intracellular calcium due to the stimulation of two different
intracellular calcium-mediated pathways, one ignited by IFN-y alone and mediat-
ed by protein kinase C [40], and the other ignited by the combination of IL-2, IL-6
and TNF-a and sustained by the increase of inositol-trisphosphate production
[35]. This latter pathway mediates nuclear translocation of nuclear factor of acti-
vated T cells (NF-AT) to ignite IL-2 gene transcription and therefore promote the
T cell activation process [41]. Briefly, using two different antibodies (kindly donat-
ed by A. Sica, Milan) recognizing the nuclear or the cytoplasmic form of NF-AT, we
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found that the combination of IL-2/IL-6/TNF-a induced the nuclear translocation
of NF-AT in 22.4% of CD4*CD45RO" negatively purified T cells while only 3.6% of
these cells translocated NF-AT into the nucleus when IL-2 was the only stimulus
provided. No differences have been found when IFN-y was added to the three-
cytokine combination. As a positive control [41], we measured NF-AT nuclear
translocation in Jurkat T cells stimulated with phorbol myristate acetate (PMA)
and ionomycin; nuclear localization of NF-AT was found in 28.3% of the cells
(unpublished results). Thus, primary inflammatory cytokines not only participate
in the process of myelin antigen-specific T cell activation but may also represent
the main mediators of the nonantigen-specific activation of peripheral T cells. The
following scenario can then be hypothesized: primary inflammatory cytokines
(re)activate myelin-specific resting memory peripheral T cells which act as driver
cells for nonantigen-specific effector cells also activated or reactivated in the
periphery by the same combination of cytokines. This peripheral mechanism can
facilitate the recrutiment of nonantigen-specific inflammatory cells (mainly lym-
phomononocytes) releasing myelinotoxic substances to different CNS areas.

Conclusions
Pathological and immunological findings in MS indicate that the process under-
lying the disease can be considered to be a T cell-mediated organ-specific inflam-

matory response leading to the recruitment of effector macrophages to the CNS
(Table 1). A possible pathogenic scenario can be therefore depicted (Fig. 2 and

Table 1. Events underlying MS pathogenesis

Etiology
Still unknown (virus?)

Pathogenesis
Immune-mediated chronic inflammation

Target antigen(s)
Myelin components, others?

Immune cells involved

Regulatory cells (organ specificity)
Microglia and astrocytes (antigen-presenting cells)
Myelin antigen-specific T cells (CD4* Thl)

Effector cells (myelin toxicity)
Activated macrophages
Nonantigen-specific T and B cells

Effector mechanisms
Proteolytic enzymes and NO, (glial cells and macrophages)
Oligodendrotoxic cytokines (glial cells, macrophages, T cells)
Antibody-dependent cell-mediated cytotoxicity (B cells, macrophages)
Cytolytic T cells (MHC-unrestricted CD4*,y/6 T cells)
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Fig. 2. Possible scenario of the pathogenic process occurring in MS. After an aspecific
inflammatory hit in the CNS, T cells reacting against myelin components are generated.
These cells, which are of the Thl-type secreting proinflammatory cytokines (e.g. IFN-y),
recruit and activate effector cells (mainly macrophages) from the periphery. When
macrophages reach the CNS parenchyma, they secrete primary inflammatory cytokines
and ignite the in situ inflammatory process leading to the perivascular accumulation of
lymphomononuclear cells. These cells, in turn, release myelinotoxic substances inducing
demyelination. The process is self-limiting but can be rekindled whenever a strong-
enough nonspecific inflammatory hit in the periphery induces (re)activation of resting
memory myelin-specific T cells as well as effector macrophages. BBB, blood-brain barrier

Table 1). An initial CNS-confined inflammatory hit, of still unknown origin
(virus?), persists within the CNS for a sufficient amount of time to initiate a cas-
cade of inflammatory events overtaking the innate immunity and leading to igni-
tion of the acquired immune system which in turn mounts an antigen-specific
response against myelin components. This response is strong enough to induce an
autoreactive T cell population which continuously recruits inflammatory effector
cells from the periphery. The recruitment is orchestrated by primary inflamma-
tory cytokines secreted either in the CNS by the autoreactive T cells or in the
periphery by nonantigen-specific mononuclear inflammatory cells activated by a
specific inflammatory stimulus (e.g. upper respiratory tract infections). The
peripheral inflammatory stimulus can also activate memory resting myelin-spe-
cific peripheral T cells which reach the CNS parenchyma and there secrete proin-
flammatory cytokines functioning as a stimulus for the perpetuation of the
process. When an appropriate number of peripherally driven effector cells reach
the CNS parenchyma, a cascade of events leading to myelin breakdown via the
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secretion of inflammatory myelinotoxic molecules or directly via the action of
cytotoxic cells occurs within the white matter. These events lead to the formation
of the typical perivascular inflammatory infiltrates causing perivascular demyeli-
nation and axonal loss. The accumulation of axonal loss during time causes per-
manent CNS damage and neurological impairment [10, 11, 42]. However, disease
heterogeneity exists. The genetic background of each individual patient can in
part explain the disease heterogeneity by contributing (a) to limit vs. amplify the
extent of the inflammatory reaction; (b) to the generation of an appropriate num-
ber of myelin-specific T cells; and (c) to the net effect of a discrete amount of a
certain proinflammatory cytokine on the peripheral and/or CNS-confined
immune cells [43]. However, some questions remain unsettled. What is the pri-
mary inflammatory event in MS? Which are the predisposing genes? Is the path-
ogenic mechanism due to a secondary autoimmune phenomenon triggered by a
viral infection or is it “tout court” autoimmune? Are myelin antigens the primary
target of the immune process or is the autoimmune reaction epiphenomenic and
the primary target is represented by oligodendrocytes? What is the immunologi-
cal mechanism underlying the different disease courses or phases? Moreover,
there is some evidence against an exclusive inflammatory pathogenic background
underlying MS demyelination: (a) inflammation follows demyelination, (b) in
some cases, following immunosuppressive treatments, active demyelination pro-
cedes in the absence of perivascular infiltrates and tissue infiltration by T cells,
and (c) perivascular T cell infiltration is present in normal CNS and during
uncomplicated virus infections.

In conclusion, the dissection of the pathological mechanisms underlying the
inflammatory reaction seen in patients with MS is crucial to understand the path-
ogenic process occurring in patients during time, the immunopathological find-
ings associated with disease heterogeneity and, as a consequence, the best thera-
peutic approach for the disease.
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Chapter 19

Magnetic Resonance and Blood-Brain Barrier Dysfunction
in Multiple Sclerosis

M. RovARis !, C. TORTORELLA', J.C. SipE?, M. FILIPPI!

Introduction

Breakdown of the blood-brain barrier (BBB) is an early event in the development
of multiple sclerosis (MS) lesions and it is often associated with transvascular
inflammatory cell infiltration of the central nervous system (CNS) parenchyma
[1]. Because of the frequent association between disruption of the BBB and
perivascular lymphocytic infiltration, it has been proposed that BBB damage
occurs during the migration of activated T cells into the CNS with the subsequent
recognition of antigens and activation of a cascade of cytokine release [2].

Magnetic resonance imaging (MRI) is a sensitive tool for diagnosing and eval-
uating the dynamics of MS in vivo, including the development and evolution of
BBB abnormalities [3-7]. Enhancement on T1-weighted scans after the injection
of a standard dose of gadolinium-diethylenetriaminepentacetic acid (Gd-DTPA)
is used to evaluate BBB dysfunction [3], although the low pathological specificity
of the technique inevitably limits its potential for defining the pathophysiology of
the disease [6].

More recently, the introduction of new MR strategies for post-contrast imaging
and the application of non-conventional techniques (i.e. magnetization transfer
imaging (MTI), magnetic resonance spectroscopy (MRS) and diffusion imaging)
have provided further insights into the early stages of MS plaque development,
with the potential to increase the pathological specificity of MRI findings [8-11].

The present review outlines the major contributions which may be obtained by
conventional and more recent techniques in the study and monitoring of BBB
dysfunction in MS.
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Pathological Correlates

Gadolinium-Enhanced MRI

Gd is a rare element of the lanthanide series, with strong paramagnetic proper-
ties. When chelated with DTPA, it is widely used as a contrast agent in MRI. Gd
administration markedly increases the T1 relaxation time of adjacent mobile
water protons, thus producing focal high signal intensity on T1-weighted images
in areas where Gd is concentrated in brain tissue [3]. The intensity and size of
enhancement depends on the local concentration of Gd, which in turn depends
on its intravascular concentration, on the level of BBB permeability and on the
size of leakage space [12]. However, the pathophysiological mechanisms under-
lying Gd leakage are still not completely understood, even if there is some evi-
dence supporting active, energy-dependent, vescicular or microvescicular trans-
port rather than an opening of the tight junctions between adjacent endothelial
cells [13-15].

Studies both in animals [15] and in human MS brain biopsy specimens [16, 17]
demonstrated that Gd enhancement is consistent with histopathological findings
of BBB breakdown. Studies of chronic relapsing experimental allergic
encephalomyelitis (CREAE), a model of immune-mediated demyelination devel-
oped by Hawkins et al. [15], demonstrated that areas of Gd enhancement seen
with MRI corresponded well to areas of BBB breakdown labelled by histochemi-
cal markers (i.e. horseradish peroxidase). The same authors [2] showed that the
pattern of BBB breakdown in acute and chronic inflammatory demyelination
evolves from a diffuse, short-lived disturbance in acute experimental allergic
encephalomyelitis (EAE) to a more focal and prolonged breakdown in animals
with the chronic relapsing form of the disease. This suggests that prolonged BBB
breakdown and inflammation could result in chronic demyelinating lesions [18].
On the other hand, perivascular inflammation appears to be a necessary precon-
dition to the development of enhancement, since non-inflammatory demyelina-
tion is unaccompanied by changes in BBB permeability [19, 20].

Recent studies in animals with EAE have shown that Gd enhancement corre-
lates with the number of inflammatory cells within the lesions [21,22] and main-
ly represents macrophage activation [23]. Because CREAE and MS present simi-
lar morphological and functional changes, it is possible to suggest that enhance-
ment in MS lesions may reflect active inflammation and that immunologically-
mediated inflammation is the cause of the initial vascular changes in acute
lesions. This hypothesis is supported by evidence that intravenous steroids
strongly suppress Gd enhancement, possibly by reducing the activity of a protease
(i.e. 92 kDa metalloproteinase) involved in the trafficking of activated T cells
across the BBB [24], whereas steroids have no effect on the development of MS
lesions on T2-weighted images [25, 26].

Serial MRI scans confirm that enhancement occurs in almost all new lesions in
patients with relapsing-remitting (RR) or secondary progressive (SP) MS [27].
Focal areas of increased signal on enhanced images can also be detected before the
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appearance of lesions on unenhanced T2-weighted scans [6]. Enhancement may
reappear in older plaques, with or without a concomitant increase in their size
[27], thus suggesting either partial repair of BBB or possible reactivation of BBB
abnormalities. The duration of enhancement, as measured by the administration
of a standard dose (SD) of Gd, lasts between 4 and 8 weeks for most MS lesions [27-
29], even though a shorter enhancing period (less than 1 month) was described in
44% of lesions seen in longitudinal studies with weekly scanning [30, 31].

The heterogeneity of BBB changes is reflected by the different morphological
patterns of enhancement, i.e. nodular, patchy or ring-like. It has been suggested
that nodular enhancing lesions represent small areas of perivascular inflamma-
tion either at the edges of established lesions or in areas of formerly normal
appearing white matter (NAWM), whereas ring-enhancing areas are probably
areas of acute inflammation at the edge of chronic demyelinated lesions [6, 32].
Studies of the dynamic changes in enhancement patterns over time [6] showed
that enhancing lesions change their appearance on scans obtained 15 and 20 min-
utes after contrast injection compared to scans obtained 2-5 minutes after Gd
administration. Most of the lesions changed their pattern from ring to homoge-
neous enhancement, indicating that the BBB permeability is probaby lower at the
centre than in the periphery [6]. Moreover, Kermode et al. [6] reported a gradual
increase of the surface area of enhancement over several hours, which could be
explained by the extension of oedema beyond the region of active BBB break-
down and the subsequent diffusion of Gd into the extracellular space [6].
Recently, Bruck et al. [33] and van Waesberghe et al. [34] found that ring enhance-
ment is not restricted to reactivation of older MS lesions, but may be the first
manifestation of new activity or the evolution of other enhancement patterns,
especially in very large plaques.

Some insights about the various pathological substrates of enhancing lesions
are provided by the evolution of findings visible on unenhanced T1-weighted
images. Most of the enhancing lesions show a corresponding area of hypointensi-
ty on pre-contrast T1-weighted images [34], whereas some lesions are isointense
to the NAWM. On follow-up unenhanced T1-weighted scans, these lesions can be
classified into four categories: (a) persistently isointense lesions, (b) temporarily
isointense lesions, (c) persistently hypointense lesions, and (d) temporarily
hypointense lesions [34]. Since the degree of hypointensity on T1-weighted scans
is mainly related to the extent of extracellular oedema and axonal loss [35], pat-
tern “a” may represent purely oedematous or inflammatory lesions, affected by
only a minor degree of demyelination. Demyelination associated with mild loss of
oligodendrocytes may be the histological phenotype of pattern “d”, while persis-
tently hypointense lesions (pattern “c”) are probably those in which axonal loss
plays a relevant role in determining T1 hypointensity. At a 6-month follow-up
[34], 75% of ring-enhancing lesions remain hypointense, thus suggesting that this
pattern of enhancement may be a feature of lesions with a more severe central
involvement.

Recent strategies in post-contrast imaging have increased the sensitivity of
MRI in the detection of enhancing lesions (see below, “clinical correlates”) and



198 M. Rovaris et al.

have provided some insights about the pathological correlates of enhancing
lesions. Weekly MRI scanning detected 13% more new enhancing lesions than
monthly scanning and demonstrated that almost every new lesion appearing on
T2-weighted images shows an initial phase of Gd enhancement [30]. These find-
ings suggest that BBB breakdown is a nearly obligatory event in the early devel-
opment of new lesions in RR or SP MS [30, 31].

Using a triple dose (TD) of Gd, it has been demonstrated that there are lesions
which can be detected only after the administration of TD but not after SD [8, 36,
37], either because of the time course of their BBB leakage - implying that these
lesions might be detectable only with TD for part of the inflammatory episode -
or because BBB permeability is too restricted for enhancement to be seen on SD.
It is known that, soon after the appearance of a new MS lesion, reparative mech-
anisms are activated [38]. Thus, it is likely that lesions at the beginning or at the
end of the inflammatory episode have a less permeable BBB, and that this subtle
abnormality can be seen by increasing the intravascular concentration of Gd or
by allowing more time for Gd molecules to diffuse [12]. However, in a recent lon-
gitudinal MRI study [39], lesions enhancing only after TD had a shorter duration
of enhancement, and lesions enhancing after different Gd doses changed their
pattern of enhancement on follow-up scans only in the minority of cases (about
15%). In addition, TD lesions have higher MTR values than SD lesions when they
start to enhance and the degree of MTR recovery during a three-month follow-up
period is higher for the former lesions [8]. This suggests that the extent of BBB
opening is correlated to the degree of associated tissue damage and that the mag-
nitude of the two phenomena may be different in different MS enhancing lesions.
These findings suggest that enhancing MS lesions form a heterogeneous popula-
tion and those enhancing only after TD of Gd are characterized by a milder and
briefer opening of the BBB.

Magnetization Transfer Imaging

MTI is a recent technique in which image contrast depends on the interactions
between protons in a relatively free state and those in a restricted motion state.
Adding a magnetization transfer (MT) pulse to enhanced T1-weighted images,
the signal of white matter is more suppressed than that of enhancing lesions,
since Gd, by shortening proton T1, decreases the effectiveness of the signal sup-
pression induced by an MT pulse [40]. In this way it is possible to obtain a better
definition of enhancing lesions, thereby increasing the number of detectable
lesions [41, 42].

MTI has been used in preliminary studies aimed at evaluating the pathological
characteristics and evolution of enhancing lesions. Lower MT ratio (MTR) values,
indicating more pronounced tissue disorganization, were found in: (a) ring-
enhancing compared to nodular-enhancing lesions [43-45], (b) lesions enhancing
only after the injection of SD Gd compared to those enhancing after TD [8], (c)
lesions enhancing on at least two consecutive monthly scans compared to those
enhancing on a single scan [46], and (d) T1-weighted hypointense lesions at the
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time of their initial enhancement compared to isointense areas [34].
Furthermore, two possible evolutions of MTR for new enhancing MS lesions have
been described [47]. In some lesions, a moderate decrease of MTR, with a subse-
quent complete recovery within a few weeks, may reflect early oedema, demyeli-
nation and subsequent remyelination [47, 48]. In the other lesions, a marked
reduction of MTR with only partial recovery at follow-up may indicate the for-
mation of lesions with severe pathological destruction and subsequent failure of
the reparative mechanism [34, 47, 48]. A recent, longitudinal study [34], correlat-
ing MT and non-contrast T1-weighted images, described two additional patterns
of MTR evolution in enhancing lesions, following an initial marked decrease. The
first was rapid restoration of MTR suggesting remyelination, and the second com-
plete failure of restoration of MTR values suggesting concomitant destruction of
oligodendrocytes and axons.

Variable changes of MTR may also be detected in the NAWM which is subse-
quently involved by enhancement [9, 49, 50]. MTR reduction may reflect different
but not mutually exclusive pathological substrates. These include (1) increased
amounts of products of NAWM degradation [51], (2) increased water content in
the hyperplastic astrocytes participating in the demyelinating process [51, 52],
and (3) demyelination and remyelination characteristics of the early phase of
lesion formation [8, 53-55]. Filippi et al. [8] observed that the greatest reduction
of MTR occurs about one month before enhancement. This interval is similar to
the time between immune activation and clinical manifestations of the lesions in
EAE [56] and it may be the amount of time necessary for immune activation and
BBB transmigration of T cells in the early phase of the pathological evolution of
MS lesions.

Magnetic Resonance Spectroscopy

MRS allows in vivo identification of local changes in brain chemical composition,
which may reflect the pathological evolution of MS lesions [57]. Proton MRS of
enhancing lesions [10] has shown that, in some lesions during the first 6-10 weeks
following the onset of enhancement, elevated lactate levels can be found and
could be due to the concomitant presence of inflammation, local ischaemia and
neuronal mitochondrial dysfunction. Spectra from these lesions may also show
an elevated choline peak returning to normal over a 4-6 month period and a lipid
peak suggesting increased membrane turnover due to continued demyelination
[10]. Several recent studies have shown that the lipid signal may persist for up to
4-8 months, with a progressive reduction of its intensity, whereas enhancement
always ceased within two months. This suggests that BBB breakdown and
demyelination do not always occur simultaneously [10, 57, 58].

Newly-formed MS lesions are also characterized by a reduction of N-acetyl
aspartate (NAA) peak on MRS, with considerable recovery that begins after 4-6
months [10]. This finding could reflect reversible dysfunction of neuronal mito-
chondria in acute lesions.
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Diffusion-Weighted MRI

Diffusion-weighted MRI allows measurement of the spatial distribution of proton
diffusion coefficients within brain tissue [59]. Due to the presence of “restricting
barriers” (i.e. cell membranes), the “apparent” diffusion coefficient (ADC) of
water in vivo is always lower than its true diffusion coefficient at body tempera-
ture; therefore, ADC reflects the structural properties of the cellular compart-
ments for a given tissue.

Diffusion-weighted imaging is still not available on standard MRI scanners
because it requires powerful field gradients and generates images which are sen-
sitive to motion artefacts. Some preliminary results have been obtained with echo
planar imaging (EPI). Tievsky et al. [11] and Gass et al. [60] found that both acute
enhancing and chronic non-enhancing MS lesions have high ADC values, where-
as some enhancing lesions show a peripheral rim of restricted diffusion with cor-
responding low ADC values. The increase in ADC for most of the lesions may
reflect expanded extracellular volume, due to oedema (acute phase), demyelina-
tion (subacute phase) and axonal loss (chronic phase). A decrease in ADC at the
periphery of enhancing lesions may, in turn, reflect accumulation of inflammato-
ry cells. Furthermore, increased ADC was found in NAWM of MS patients in com-
parison with controls [61]. Diffusion imaging studies with the addition of diffu-
sion tensor information can increase the pathological specificity of these findings
[11,60].

Possible Future Directions

Specialized MRI studies for the diagnosis and management of MS continue to
evolve. Currently on the forefront of interest is the possibility of more specific
imaging methods that show promise to illuminate the pathophysiology of MS.
These methods include specific markers or tracers for various components of the
immune system since there is circumstantial evidence that MS is an autoimmune
disorder. A recent example is the use of a superparamagnetic iron oxide contrast
agent, also known as monocrystalline iron oxide nanoparticles (MION), to label
lymphocytes in vitro and in vivo for trafficking studies [62, 63]. This technique
has logically been applied in an MRI study of relapsing-remitting EAE in the SJL
mouse model using MION intravenously [64]. In this model, MION-enhanced
MRI provided unique sensitivity in EAE lesion detection and MRI images were
correlated with histopathology. Other possibilities may include antibody-linked
paramagnetic molecules that bind to specific cellular components or cytokines
produced in the demyelinating lesions.

MRS also has the potential to be developed for specific imaging of spectral
shifts designed to track lymphocytes, macrophages, glial cells or compounds
thought to be important in the development of MS lesions [65].
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Clinical Correlates
Enhanced MRI and MS Clinical Activity

Although enhanced MRI provides limited information about the pathology of MS
lesions, this technique is widely used as a marker of disease activity in MS
patients [7]. Several studies [4, 5, 66-68] have reported that enhanced brain MRI
is 5-10 times more sensitive than clinical monitoring and twice more sensitive
than unenhanced MRI in the assessment of disease activity in patients with RR
MS, although there is a great degree of both intrapatient and interpatient vari-
ability [5]. The contribution of spinal MRI for MS monitoring is not as relevant,
since the number of enhancing lesions is about 10 times higher in the brain than
in the spinal cord [67]. However, 30%-40% of active lesions in the spinal cord are
consistent with ongoing clinical manifestations [67]. MRI activity is different for
the different clinical types of MS. Patients with RR MS and SP MS have higher
MRI activity, on average about 20 active lesions per year, whereas patients with
primary progressive (PP) or benign courses have lower MRI activity, about 3
active and 9 active lesions per year, respectively [28, 66, 69]. The low MRI activity
of PP MS patients reflects a less intense degree of inflammation in lesions of these
patients, as confirmed by a pathological study [70]. However, recent studies
emphasized that the frequency and extent of enhancement is significantly lower
in SP MS than in RR MS patients {71, 72], thus suggesting that pathological mech-
anisms other than BBB disruption with local inflammation/demyelination [1]
may play a significant role in determining the development of irreversible tissue
damage and, as a possible consequence, progression of clinical disability.

Several studies have found that the number of enhancing lesions increases
shortly before and during clinical relapses [4, 73, 74] and correlates with further
MRI activity [73,75]. Koudriavtseva et al. [73] reported in RR MS patients that the
presence of enhancing lesions predicts the number of relapses and MRI active
lesions in the subsequent six months. In the same study, there was weak correla-
tion between baseline volume of enhancing lesions and change of total lesion vol-
ume on unenhanced T2-weighted scans in the subsequent six months. Filippi- et
al. [72],in a one year follow-up study with monthly MRI scans, found a significant
correlation between the number of enhancing lesions and the changes of T2-
weighted and MTI lesion load in SP MS but not in RR MS patients. Molyneux et
al. [75] noted a correlation between the number of active lesions and changes of
T2-weighted lesion load in both RR MS and SP MS patients. Stone et al. [76] found
a moderate correlation between the degree of clinical disability and the mean fre-
quency of enhancing lesions over three months in a group of RR MS patients.
Losseff et al. [77] showed that in patients with SPMS the number of enhancing
lesions detected with monthly MRI scans over six months correlated with clinical
progression five years later.

The sensitivity and objectivity of MRI in revealing disease activity makes it an
important tool for monitoring the efficacy of treatments that modify the clinical
course of MS [7]. The beneficial effect of steroids on BBB disruption leads to a
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reduction in the duration and severity of MS relapses and has been confirmed by
several MRI studies [25, 78, 79] which found a positive, although transient (less
than two months, on the average), effect of high-dose intravenous methylpred-
nisolone (IVMP) in reducing the number of enhancing MRI lesions. Several stud-
ies [4, 80-83] have shown a high statistical power of both parallel-group and
cross-over designed trials monitored with enhanced MRI and, in the recent years,
virtually all the large-scale, multicentre phase II and III clinical trials testing the
efficacy of several immunomodulating and immunosuppressive agents in MS
have been or are using enhanced MRI as a primary (phase II) or secondary (phase
III) outcome measure [7, 29]. Results obtained in different trials documented that
in RR MS patients interferon (IFN) beta-1a [84-86], IFN-B-1b [83-90] and copoly-
mer-1 [91] significantly reduce both the frequency of relapses [84, 85,90, 91} and
the occurrence of enhancing lesions on serial MRI [84-91]. Therefore, the admin-
istration of IFN may temporarily inhibit alteration of the BBB, with a consequent
therapeutic benefit. The positive effect of IFN on BBB disruption was confirmed
by a recent study [92] in which a concomitant treatment with IFN-B-1a prolonged
the decrease in number of enhancing lesions that followed IVMP pulse therapy.

Clinical Applications of New Strategies: Advantages and Limitations

Several strategies have been developed to further increase the sensitivity of
enhanced MRI for detecting active lesions in MS, with the ultimate goal to
increase the reliability of this technique in monitoring MS disease course [93]. A
first strategy tries to maximize the information that can be obtained by conven-
tional scanning by more frequent MRI scanning schedules (i.e. weekly instead of
monthly) [30] and an increased delay between Gd injection and image acquisition
(20-30 min instead of the conventional 5-7 min) [41, 94]. These strategies only
modestly improve (10%-20%) the sensitivity of enhanced MRI, while increasing
examination costs, patient discomfort and analysis time. A second strategy aims
at increasing the MR signal of enhancing lesions. This method uses a high dose of
Gd (0.3 mmol/kg (TD) instead of 0.1 mmol/kg (SD)) [36,37,41,95-97] and acqui-
sition of thin slices [98]. While conflicting results have been reported in PP MS
[41, 95], several cross-sectional studies found that TD detects significantly more
enhancing lesions and “active” scans than SD in patients with benign, SP and RR
MS [96, 36]. In a recent, longitudinal study [37], monthly SD and TD scans were
obtained from patients with RR or SP MS for a three-month period. This study
showed that serial use of TD-enhanced MRI is safe and confirmed its increased
sensitivity in detecting subclinical MS activity. It was also shown that the higher
sensitivity of monthly TD MRI may reduce the number of scans needed to show
different treatment effects by 30% or more [37, 81]. The last strategy in this cate-
gory consists of the acquisition of 1 or 3 mm thick slices, instead of the conven-
tional 5 mm [98]. Using 1-mm thick scans, about 25% more enhancing lesions
were detected than using 5-mm thick scans [98], but the analysis time was signif-
icantly increased, since more than 120 slices were needed to analyze the entire
brain. The third strategy increases the likelihood of detecting enhancing lesions
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by reducing the signal of background tissue with the application of an MT pulse
to the conventional enhanced T1-weighted scans [41, 42, 44, 45, 97]. Metha et al.
[99] studied 53 enhancing lesions of 10 MS patients with conventional and MT
T1-weighted scans before and after contrast injection. MT T1-weighted scans
detected 9 lesions not seen on the post-contrast conventional T1-weighted
images. One longitudinal [42] and two cross-sectional [41, 97] studies recently
compared the sensitivity of MRI obtained after a TD of gadolinium to that of MT
T1-weighted scans obtained after SD injection, and found TD to be much more
sensitive. The combination of TD, delayed scanning and MT pulse increased
detection of the number of enhancing lesions by about 130% [41].

From these observations, it is clear that in using conventional enhanced MRI,
a significant amount of ongoing MS activity remains undetected. The contribu-
tion of this undetected activity to disease evolution may explain some discrepan-
cies previously found between MRI and other clinical and immunological mark-
ers of disease activity [100-103]. Moreover, the increased sensitivity of new
enhanced MRI techniques could improve our ability to monitor treatments. This
may result in smaller sample sizes and shorter follow-up periods needed to show
a treatment effect [37] and in a better understanding of treatment mechanisms of
action. For example, using weekly MRI scanning, [IFN-f-1b resulted in an imme-
diate reduction of MS activity [86]. However, using monthly SD and TD MRI,
Filippi et al. [104] found that the effect of recombinant human IFN-B-1a on
enhancing MS lesions varies according to the lesions’ intrinsic nature and size,
being more significant on small lesions and on those enhancing only after TD of
Gd. This suggests that the effect is proportional to the degree of lesion BBB dis-
ruption. The combination of serial TD scanning with more frequent scanning
schedules might, therefore, be useful to rapidly obtain information about the effi-
cacy of a new experimental drug for MS, although, due to the nature of clinical tri-
als in MS, which are usually multicentre, longitudinal and involving large num-
bers of patients, newer enhanced MRI strategies can raise difficulties associated
with standardization and increased costs.

Conclusions

Conventional enhanced MRI provides some information about the early events of
MS lesion formation, but it is a non-specific correlate of increased BBB perme-
ability. Varying patterns of enhancement seem to characterize clinical subgroups
of MS patients. The frequency and extent of enhancing lesions are widely used as
a reliable marker of ongoing disease activity both in natural history and correla-
tive studies as well as in MRI-monitored MS therapeutic trials.
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Chapter 20

Immunotherapies for Multiple Sclerosis

P. PERINI, P. GALLO

Introduction

Multiple sclerosis (MS), a chronic inflammatory demyelinating disease of the cen-
tral nervous system (CNS), is currently regarded as an organ-specific, T-cell-
mediated autoimmune disease. Although the immunopathogenesis of MS is large-
ly hypothetical and several immune-mediated processes may account for myelin
damage, it is widely accepted that the autoimmune process that leads activated,
antigen-specific CD4* T cells to migrate into the brain and initiate inflammation
starts in the peripheral immune system. If autoreactive T lymphocytes play a piv-
otal role in initiating the disease, then selective immunotherapeutic strategies
have to be designed to delete these cells by apoptotic mechanism(s) or to block
their activation by inducing a state of anergy or suppression. It is a common feel-
ing that the rapid progress in biotechnology and immunology will make avail-
able, within a few years, many potential treatments for MS. This article is a con-
cise overview of only some of the immunotherapies, mainly based on the antigen-
specific modulation of the immune response, elaborated in recent years. Most of
the immune-selective therapies here described have been designed for and suc-
cessfully applied to prevent, suppress and/or treat the animal model of inflam-
matory autoimmune demyelinating disease, the experimental allergic
encephalomyelitis (EAE). Some of these therapies have been also applied to
human pathology, and will be herewith described with more details. However,
many unresolved crucial points have to be considered regarding the application
of immunotherapies to MS, including the lack of a specific or unique MS antigen,
the relevance of the Th1/Th2 balance in controlling the activity and progression
of human autoimmune pathology, the role played by intramolecular and inter-
molecular epitope/antigen spreading in conditioning the chronic evolution of
MS, the role played by exogenous antigens in the activation of autoreactive T cells
(i.e. molecular mimicry, superantigen activation) and finally, the implication of
several genes - some of them codifying immunological factors - in MS suscepti-
bility. Moreover, any therapeutical strategy for MS should be: based on solid sci-
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entific evidence, clinically acceptable (with mild side effects), specific and selec-
tive (capable to induce a highly restricted immunosuppression), inducing long-
lasting therapeutic benefits and, finally, able to shut off ongoing disease (i.e. pre-
vent relapses). We would like to stress that none of the approaches herewith
described fulfill all of these criteria.

Immunotherapies Targeting MHC Molecules

The assembly of the trimolecular complex (TMC), formed by the interaction of
major histocompatibility complex (MHC) molecules with antigen peptide and
antigen-specific T cell receptor (TCR) confers specificity to the immune response.
Accordingly, since all three components can be targeted by highly selective
immunological interventions, the TMC is considered the crucial target for anti-
gen-specific (antigen-restricted) immunotherapies.

The MHC molecule that presents autoantigen is the least variable component
of the TMC. Monoclonal antibodies (MAb) to MHC molecules [1] or to the MHC-
antigen complex [2], MHC-binding “competitor” peptides [3, 4], and soluble HLA-
DR-myelin complexes [5] have been suggested to interfere with the onset of
autoimmune diseases associated with certain MHC alleles. Indeed, the murine
model of EAE has been successfully treated or fully prevented with (1) mono-
clonal antibodies directed to MHC molecules [1], (2) synthetic competitor pep-
tides that bind “specific” MHC sequences and block autoantigen recognition, thus
suppressing disease development (with disease inhibition being dependent on the
relative MHC binding affinity of the disease-inducing peptide) [6], and (3)
autoantibodies to class II MHC molecules generated by vaccination with peptides
mimicking hypervariable regions of MHC class II beta chain [7].

As mentioned previously, an interesting approach to inhibiting TMC assembly
is to administer specific peptides complexed to the complementary sequence of
MHC molecules [8-10]. Actually, administration of complexes composed of solu-
ble 1-A® and peptides of either myelin basic protein (MBP,, , ,) or proteolipid
protein (PLP ,, ,.,) prevented EAE development in SJL/J mice [9].

A phase I clinical trial is currently in progress to test the ability of a soluble
complex of HLA-DR2 and MBP,, ., (the dominant MBP peptide in humans)
(Anergix, Anergen) to tolerize autoreactive T cells. Preliminary data suggest that
these complexes have a longer half-life than do soluble antigens (hours vs. min-
utes), have a good distribution, and are well tolerated by patients. In a previous
open trial on 11 patients, a peptide-specific response and a decrease in MBP-reac-
tive cell numbers were observed. Several recombinant HLA-DR2-MBP peptide
complexes are also undergoing preclinical testing in order to define the route of
administration and the delivery system, to improve both the bioavailability and
the plasma half-life of the peptides, and to define more appropriately the speci-
ficity of this therapy [5].
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Immunotherapies Targeting the TCR

In the murine EAE model, restricted TCR usage by myelin-reactive CD4" lym-
phocytes has been demonstrated. Accordingly, it is possible to prevent EAE devel-
opment and progression by vaccination with autoreactive T cell clones or TCR
peptides. This approach induced regulatory/suppressor (anti-clonotypic and
anti-activated) T cells [11-14]. Phase I and II clinical trials based on T cell or TCR
peptide vaccination have been carried out in MS patients. The TCR may be tar-
geted also with monoclonal antibodies (see the section Monoclonal Antibody-
Mediated Immunotherapies).

T Cell Vaccination

The normal human T cell repertoire contains potentially self-reactive T lympho-
cytes that are normally suppressed by counter-regulatory mechanisms. In
autoimmune disease suppressive mechanisms are lost, so that autoaggressive T
cells are activated. One possible way to re-establish self-tolerance is by vaccina-
tion with in-vitro-inactivated, autoantigen-specific CD4* T cell clones [15]. The
first evidence of efficacious T cell vaccination against EAE was obained about
twenty years ago [16, 17].

In a phase I trial, six patients were inoculated with MBP-specific T cells cloned
from their own blood. MBP-reactive T cell clones were selectively activated in
vitro, then inactivated by irradiation, and finally re-injected into the patients [18].
The treatment was safe and well tolerated, but the patient number did not allow
any clinical conclusion. A CD8" anti-clonotypic T cell response to the inoculated
MBP-specific T cell clones and the depletion of MBP-specific cells were observed
in the vaccinated MS patients. In the majority of these patients, MBP-reactive T
cells remained undetectable in circulation over a period of 1-3 years after vacci-
nation, while they reappeared in some individuals, coinciding with clinical exac-
erbation. Magnetic resonance imaging (MRI) showed a mean 8% increase in
brain lesion size in the vaccinated patients compared with 39.5% increase in the
controls [19]. Interestingly, the reappearing MBP-reactive T cells were of different
clonal origin from those analyzed before immunization, thus suggesting a shift of
the T cell repertoire to other MBP determinants. Analysis of the T cell response to
the vaccines disclosed that the anti-clonotypic response elaborated by treated
patients was formed by CD8* MHC class I-restricted cytotoxic (i.e. capable of
lysing the immunizing clones in a clonotype-specific manner) lymphocytes that
recognized the hypervariable regions of the TCR. Moreover, the response was
restricted to the immunizing clones and did not affect the MBP-reactive clones
not used for immunization [20].

Major limits of this therapeutic approach are: (1) the human T cell response to
a potential encephalitogenic peptide can be extremely complex [21, 22] and mul-
tiple TCR are used to recognize an immunodominant epitope [23]; (2) the func-
tional characteristics that T cell clones exhibit in vitro may drammatically differ
from those they exert in vivo, as suggested by the “three monkey experiment” per-
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formed in Wekerle’s laboratories: only one of three MBP-specific T cell clones was
encephalitogenic in vivo when reinjected into the autologous monkey [24]; (3)
several potential autoantigens, other than MBP, may be involved in MS
immunopathogenesis (e.g. myelin oligodendrocyte glycoprotein (MOG) and PLP)
[25-28], and their immunogenic potentials need to be further investigated [29],
and (4) both the target antigens and the repertoire of encephalitogenic T lym-
phocytes may vary significantly over time [30-32].

TCR Peptide Vaccination

Regulatory T and B cells are naturally induced to recognize unique determinants,
or idiotypes, located preferentially within the hypervariable regions of the TCR
sequence, including the complementary-determining regions (CDRs) that inter-
act with the MHC-antigen complex to form the TMC [33, 34]. Regulatory, anti-
idiotypic T cells may recognize naturally processed TCR peptides expressed on
the T cell surface in association with MHC molecules [35]. EAE studies have been
performed to identify the potentially immunogenic TCR idiotypes and to test the
hypothesis that TCR sequences could induce anti-idiotypic regulation.
Vaccination of rats with TCR V[8.2-CDR2 peptide induced anti-idiotypic T cells
and antibodies that inhibited the activation of pathogenic T cells, and prevented
both development and progression of EAE [36, 37].

Based on preliminary studies which showed (1) the overexpression of TCR
VP5.2 and VB6.1 by MBP-specific T cells from the peripheral blood and the
plaques of demyelination [38-40], and (2) the increased frequency of TCR pep-
tide-specific T cells in MS patients treated by intradermal vaccination with CDR2
peptides from V5.2 and V6.1 TCR [41], a double-blind pilot trial was carried
out in MS patients [42]. Twenty three HLA-DRB1*1501* patients with chronic
progressive MS were treated for 12 months with native V5.2, ., peptide (or
with a 1:1 mixture of the native peptide and Y49T-substituted peptide, i.e., thre-
onine instead of tyrosine at position 49), 100 pg weekly for 4 weeks, and then
monthly for an additional 10 months, for a total of 14 injections. Patients who
responded to vaccine showed a boosted frequency of TCR peptide-specific T
cells, reduced frequency of MBP-specific T cells, and remained clinically stable
without side effects during one year of therapy. Nonresponders had an increased
MBP response and progressed clinically. Interestingly, TCR-reactive T cells were
predominantly T helper 2 (Th2)-like, and directly inhibited MBP-specific Thl
responses in vitro, primarily through the release of interleukin-10 (IL-10) and
interleukin-4 (IL-4), but not transforming growth factor beta (TGF-B) [42].
Therefore, synthetic peptides may activate an anti-idiotypic regulatory network
directed at TCR determinants, and downregulate Th1 cell activation, prolifera-
tion and cytokine production in vivo in MS patients. At present, TCR peptide
vaccination seems limited by the same problems previously outlined for T cell
vaccination.

A novel DNA-based vaccination technique is at present being developed; two
different methodologies have been explored. In the first, an antigen-encoding
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DNA fragment was incorporated into appropriate vectors: EAE induction was sig-
nificantly suppressed by immunizing animals with recombinant vaccinia virus
expressing a Vf, , gene [43]. In the second, the antigen-encoding DNA fragment
was used as a naked DNA vaccine: vaccination with DNA encoding a variable
region of the TCR was capable of preventing EAE and activating a Th2-like
immunological response [44].

Anergy Induction by Specific Neuroantigens, Altered Peptide Ligands
Glatiramer Acetate (Cop-1)

A promising strategy for inducing a state of antigen-specific anergy is to admin-
ister native or modified myelin antigens in four different forms: (1) free antigen,
(2) antigen coupled to autologous cells, (3) antigen-MHC complexes (see section
Immunotherapies Targeting MHC Molecules), and (4) “partially agonistic”
altered peptide ligands (APL). These strategies have all been successfully applied
to prevent, suppress and/or treat EAE. '

Intravenous administration of soluble antigens can lead to tolerogenic signals
[45], while immunization of mice with MBP/MBP-peptides and incomplete
Freund’s adjuvant (IFA) can prevent EAE development and ameliorate ongoing
paralysis [46-49]. The basic principle of this phenomenon is that antigen recog-
nition in the absence of costimulatory signals, provided by professional antigen-
presenting cells (APC), induces a state of anergy instead of a state of activation in
antigen-specific T lymphocytes. However, a phase I clinical trial aimed at induc-
ing tolerance to MBP was unsuccessful and some patients became sensitized after
repeated MBP injections [50].

Whole spinal cord homogenate, MBP, PLP, and peptides derived from myelin
antigens coupled to syngeneic splenocytes have also inhibited EAE [51-55].
However, the critical requirement for ethylenecarbodiimide (ECDI) in the cou-
pling of splenocytes with myelin antigens to induce tolerance was interpreted as
the ability of ECDI to inhibit expression of APC-derived costimulatory signals,
thus leading to Thl anergy [56].

Autoimmune responses may be regulated by APL.In SJL/J (I-A") mice, two syn-
thetic modified peptides of MBP, N, ,, and AcN,,,, which competed with the
encephalitogenic peptide Ac, |, prevented EAE development and suppressed in
vitro proliferative responses of T cells to the encephalitogenic peptide [57]. These
findings suggest that the mechanism of protection consists in the competition
between natural and modified peptides for MHC molecules. In PLP,,, , ., -induced
EAE, the disease was mediated by Thl lymphocytes which showed diversity in
their TCR usage but which all recognized tryptophan- ,, and histidine-,, as the
primary and secondary TCR contact points, respectively [58]. A panel of altered
self-peptides generated by a single (Q144) or double substitution (L144/R147) in
the primary and secondary TCR contact points of PLP,,, .., has been tested in
experimental models. Immunization with the modified peptides preferentially
induced Th2-like (IL-4 and IL-10 secreting) and ThO-like (interferon gamma
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(IFN-y) and IL-10 secreting) cells, and prevented the induction of EAE not only
by native PLP molecule, but also by other myelin antigens, such as MBP and MOG
[59]. These data demonstrate that single or double amino-acid substitutions in an
autoantigenic peptide significantly influence T cell differentiation, and suggest a
novel mechansim by which altered self peptides (e.g.a T cell receptor antagonist
peptide) inhibit autoimmune disease. In a recently concluded phase I trial, an
altered peptide designed around an immunodominant epitope of MBP was safe
and well tolerated by MS patients [60].

Glatiramer acetate, also known as copolymer 1 (Cop-1, Copaxone), is the
acetate salt of a random polymer of four amino acids (L-alanine, L-lysine, L-glu-
tamic acid, and L-tyrosine at a molar ratio of 6.0:4.7:1.9:1.0) [61]. Cop-1 sup-
pressed both acute monophasic and chronic relapsing EAE in various animal
species. More recently, the suppressive effect of Cop-1 was found not to be
restricted to MBP-induced EAE, but also to be extended to EAE induced by other
myelin antigens, such as PLP [62, 63] or MOG [64]. Although the mechanism of
Cop-1 action has not yet been elucidated, competition for the peptide-binding site
of the class II MHC antigen seems plausible [65]. This results in the inhibition of
antigen-specific T-cell activation by interference with antigen presentation [66,
67], thus including Cop-1 in the group of MHC competitors. However, other pos-
sible therapeutic effects include the activation and expansion of antigen-specific
regulatory T cells and the immune deviation from a Thl to a Th2 immune
response [2]. However, two initial pilot trials were not definitely persuasive on the
clinical efficacy of Cop-1 in relapsing-remitting MS (RR MS) patients [68, 69]. In
a recent two-year double-blind trial carried out in the USA on RR MS patients,
Cop-1 induced a 29% reduction in relapse rate (1.19 vs. 1.68 in the placebo group)
[70], but MRI monitoring showed no significant inhibition of disease activity in
patients treated with Cop-1 compared to placebo [71].

In summary, neuroantigen peptide therapy can be used to prevent, suppress,
and treat EAE in various animal species [3, 55, 72-80]. Peptide can be adminis-
tered to mice as non-immunogenic native peptide, as altered peptide ligand, oras
peptide coupled with either MHC molecules or syngeneic cells. The mechanisms
involved in EAE inhibition can be one or more of the following: competition with
the MHC or the TCR binding site, immune deviation from a Thl to a Th2
response, deletion of specific antigen-reactive T cells, or bystander (non-antigen
specific) suppression.

Many variables have to be taken into consideration when examining the possi-
ble clinical application of peptide-based therapies to human diseases. For
instance, when specific neuroantigens are administered in soluble form, the fol-
lowing factors have to be evaluated: the dose (low dose: suppression; high dose:
apoptosis), the form of the antigen used (water soluble or insoluble), the route of
administration (subcutaneous, intramuscular or intravenous), the timing of anti-
gen delivery with respect to the natural history and course of the disease (before
immunization, before the appearance of clinical signs, during active disease), the
use of adjuvants or concomitant immune stimulatory or suppressive agents
(cytokines, steroids), whether sensitization might occur with repeated treatment,
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and finally, the development of neutralizing antibodies to the administered pep-
tide (for a critical review on neuroantigen peptide-based therapy, see [81]).

Oral Tolerance

Proteins that pass through the gastrointestinal tract generate antigen-specific sys-
temic hyporesponsiveness [82]. By this way, the mucosal immune system (gut-
associated lymphoid tissue, GALT) may adsorb foreign peptides without becom-
ing sensitized to them. In the EAE model, if mice are fed MBP and then immu-
nized, the immune response to MBP is reduced and the disease is abrogated [83-
86]. Interestingly, the mechanism reponsible for the antigen-specific hyporespon-
siveness may change depending on the amount of antigen fed: a low dose favors
active suppression by inducing regulatory cells, while a high dose favors anergy
or apoptosis [87, 88]. Oral tolerance is being tested clinically in some human
organ-specific autoimmune diseases, such as rheumatoid arthritis, uveitis, thy-
roiditis, juvenile diabetes, in neurological diseases such as MS and myasthenia
gravis, and in transplantation (for a review see [82]). The primary goal of this
therapeutic strategy is the generation of regulatory T lymphocytes that migrate
from gut to brain and release anti-inflammatory cytokines locally. Indeed, exper-
imental findings suggest that oral administration of antigen preferentially
induces Th2-like T cells in the mucosal-associated lymphoid tissue. These cells,
which produce IL-4, IL-10 and large amounts of TGF-$ and are triggered in an
antigen-specific fashion, migrate to the target organ where they mediate antigen-
nonspecific bystander suppression [89]. Therefore, attractive advantages of this
therapy are that it is not necessary to know precisely the target antigens and that
a mixture of antigens from the target organ (e.g. all myelin) can be administered
to obtain the same final result, i.e. the delivery of anti-inflammatory cytokines to
the selected organ.

However, while a preliminary trial in RR MS patients suggested a clinical effect
on the number of relapses [90], a phase II/III pivotal multicenter clinical trial
failed to show any benefit over placebo. New trials in MS are being planned,
including the use of recombinant human proteins, combination therapy (e.g. oral
antigen plus Th2-inducer cytokines such as IL-4 and IL-10) [91], and synergistic
enhancers of oral tolerance (in animals, the combination of oral IFN-t and oral
MBP prevented development of EAE using doses at which each individual thera-
py was ineffective [92].

Monoclonal Antibody-Based Immunotherapies

Monoclonal antibodies (MAD) are potentially useful immunosuppressive agents,
and can be applied to re-establish tolerance to self-antigens. In autoimmunity,
MAD against functional molecules on the T-cell surface may be a tool to manipu-
late the immune system by reinducing tolerance in the T cells which are driving
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the disease, while leaving the rest of the immune system relatively intact [93].
Indeed, short treatments with MAb to CD4 and CD8 molecules guided the
immune system of experimental animals to accept organ grafts and to arrest
autoimmune diseases [94-96]. Two strategies were designed in order to achieve
therapeutic tolerance using MAb:

1. to use MAD to achieve central (thymic) tolerance. This appproach requires a
two-stage attack: first, MAD is used to ablate or inactivate peripheral T cells;
then a permanent source of antigen that can access the thymus is introduced,
inducing tolerance in any T cells that develop later;

2. to establish a form of peripheral tolerance that would be long-lasting, even after
MAb therapy is stopped [97].

However, some disavantages in applying murine MAb for treating human dis-
ease were that they needed to be given systemically, had a short t, ,, were poten-
tially immunogenic, and induced massive depletion of the target cells. The devel-
opment of humanized (chimeric) MAb [98, 99] has much improved their use in
human autoimmune diseases.

The use of anti-CD4 depleting MAb suppressed both the onset and the pro-
gression of EAE in several experimental settings [100-105]. EAE prevention or
reversal was also obtained with anti-Vp8 [12, 106, 107], anti-TCR [108], and anti-
Ia molecules [1, 109, 110]. Anti-CD4 depleting MAbs preferentially eliminated
resting, naive T cells, but spared memory or recently activated T cells [111]. When
anondepleting anti-CD4 MAb was used, a modification of the cytokine repertoire
(namely, an increase in IL-4 and IL-13 production and a decrease in IFN-y pro-
duction) was observed in T cells that respond to the encephalitogenic peptide,
thus suggesting that one major mechanism behind MAb-induced immunosup-
pression was a Th1 to Th2 immune deviation [112].

Two anti-CD4 MAb have been tested in MS patients. A murine anti-human
CD4 MAD, B-F5 IgG1 [113] was tested in 21 patients. Neither clinical improve-
ment nor deterioration were observed during the 10-day course of treatment.
Expanded disability status scale (EDSS) improvement (>1 point) was observed
in six patients one month post-treatment, associated with a decrease in CD3*
and CD4" cell numbers. Ten patients developed xenogenic antibodies. The most
interesting observation of the trial was that five patients with the relapsing-
remitting form of the disease were relapse-free at the sixth month post-therapy.
The results of a phase I and II (randomized, double-blind, placebo-controlled)
clinical trial with a chimeric anti-CD4 Mab, cM-T412 [114-116], showed a sub-
stantial and sustained reduction in the number of circulating CD4* lymphocytes,
but not reduced MS activity, as measured by monthly gadolinium-enhanced MRI
exams. The statistically significant reduction in the number of clinical relapses
observed over a period of 18 months was interpreted as the expression of physi-
cian unblinding [116].

A MAD directed to the CD52 molecule on T cells (called CAMPATH-1H, genet-
ically engineered to be identical to human IgG1 except in the antigen-binding
complementary-determining regions (CDRs) [98, 117] was tested in patients with
rheumatoid arthritis and found to deplete all circulating lymphocytes for many
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weeks and to depress CD4" cell numbers beyond three months. No major compli-
cations were observed, and significant clinical benefit was seen in 7 of 8 patients
[118, 119]. Recently, CAMPATH-1H has been applied to treat RR MS patients
[120]. A prolonged T cell depletion which abrogated the formation of new clinical
and radiological lesions was observed in 29 patients. However, pre-existing symp-
toms were transiently re-experienced and disability from lesions acquired prior
to therapy continued to progress. Interestingly, T cell clones generated after treat-
ment showed less proliferation and IFN-y secretion in response to mitogens in
vitro. However, a major complication was the development of autoimmune thy-
roid disease suggesting that the regulation of antibody-mediated immunity was
dysregulated by the therapy [120].

Therapy with MAD to B7-1 (an essential costimulatory molecule expressed on
activated APC, but also on T and B cells) was demonstrated to suppress clinical
relapses, to improve CNS pathology, and to block epitope spreading in relapsing-
remitting EAE [121]. Moreover, evidence was obtained that anti-B7-1 induced the
development of Th2 cell clones, capable of suppressing EAE induction and pro-
gression when injected in immunized mice [58]. Similar results were obtained with
a CTLA4-Ig fusion protein [122], thus indicating that blocking the costimulatory
pathway causes Th1 to Th2 immune deviation [123]. More recently, MADb to anti-
EPR-1 (effector cell protease receptor-1) induced significant immune suppression
by inhibiting protease-dependent mechanisms of lymphocyte costimulation [124].
At present, no clinical test is ongoing to evaluate the possible application of MAb
directed to costimulatory molecules to human disease, MS included.

A strategy to induce tolerance to exogenous and endogenous antigens with
MAD is to administrate a nondepleting MAb (e.g. anti-CD4) before antigen chal-
lenge. Treatment with a nondepleting anti-CD4 MAb (H129.19, rat IgG2a) induced
immunological tolerance to viral antigens in adult mice, very likely through a
mechanism of clonal deletion of the mature T lymphocyte [125, 126]. A two day
treatment with anti-CD4 before MBP priming, at a dosage that saturated CD4
receptor but did not deplete CD4" cells, fully prevented EAE development in PL/J
mice. This treatment appears to induce specific MBP unresponsiveness, sparing
the potential reactivity of the rest of the CD4* cells to unrelated antigens [105].

Although the use of MAD to T cell surface molecules alone or in combination
with peptides/antigens might be the basis for future clinical trials, it is generally
felt that more safety data are needed and that the rationale for these treatments
should more precisely be defined.

Adhesion molecules (AM) are cell surface proteins that play a pivotal role in
the transendothelial migration of immune system cells. Based on their structure,
AM can be classified in selectins, integrins, cadherins, and members of the
immunoglobulin superfamily [127, 128]. Augmented expression of AM on the
endothelial cell surface at the blood-brain barrier has been described in EAE and
MS brain specimens [129, 130], and increased serum and cerebrospinal fluid AM
levels have been detected in MS patients with active progressive disease [131]. In
Lewis rats, adoptive transfer EAE was prevented by a single intraperitoneal injec-
tion of an anti-a4f1 integrin MADb [132], while MAb against ICAM-1 suppressed
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MBP-induced EAE but not adoptive transfer EAE [133].In guinea pigs, an anti-o4
integrin MAD prevented and reversed actively induced EAE [134]. Based on these
studies, an anti-a4-integrin humanized monoclonal antibody (Antegren) was
designed for MS treatment. Preclinical studies, using clinical parameters, brain
morphology and MRI as endpoints, have demonstrated that Antegren is protec-
tive in the guinea pig model of EAE [135]. Phase I and II clinical trial in MS
patients are in progress.

Therapies Targeting the Cytokine Network

As previously mentioned, an extensive and dynamic network formed by
cytokines, soluble cytokine receptors, cytokine receptor antagonists and natural
autoantibodies to cytokines regulates immune and inflammatory responses.
Organ-specific autoimmune diseases are thought to be primarily mediated by
IFN-y-producing Th1 cells. However, while the existence of functionally distinct T
cell subsets, namely Th1 and Th2 [136, 137], producing different sets of cytokines
has been established in both experimental animals and in humans, the existence
of clear-cut Thl- and Th2-related human pathologies is still a matter of debate.
Actually, most immune responses do not reflect an absolute Th1 or Th2 pattern,
and involve both Thl and Th2 cytokines [138]. Th1 lymphocytes produce IL-2,
IFN-y, and tumor necrosis factor alpha (TNF-a), activate cell-mediated immune
responses, and induce delayed-type hypersensitivity. Th2 cells produce IL-4, IL-5,
IL-6, IL-10, and IL-13, activate B cells, play a role in antibody-mediated immune
responses, and down-regulate cell-mediated immunity (IL-4,IL-10 and IL-13 have
downregulatory effects on Th1 cells) [139]. It is now generally accepted that devel-
opment of Thl or Th2 cells reflects two opposite, differentiation pathways avail-
able to uncommitted, pluripotent T cells during the period of activation.

Th1-derived cytokines have been described in EAE acute inflammatory lesions
[140, 141]. Moreover, myelin-specific autoreactive CD4* lymphocytes displayed a
Th1 phenotype, and the adoptive transfer of these cells induced EAE in syngene-
ic mice [142-145]. Conversely, the recovery of acute and relapsing EAE was asso-
ciated with the presence of a Th2-like response in the CNS, and regulatory T cells
capable to suppress EAE were found to express a Th2 functional profile [58, 146].
These finding suggest that the induction and activation of antigen-specific Th2
lymphocytes may prevent and suppress autoimmune demyelinating diseases
[147]. Indeed, systemic administration of anti-inflammatory cytokines, such as
type I interferons (IFN-a and IFN-pB), IL-4 or TGF-P had therapeutic potential in
EAE [148-156].

Cytokine-induced “immune deviation” as antigen-specific therapy for inflam-
matory autoimmune demyelination involves a selective deviation of harmful Th1
responses towards an anti-inflammatory Th2 phenotype [157]. When SJL mice
were inoculated with highly pathogenic, MBP-specific Thl cell lines together with
exogenous IL-4, clinical signs of EAE were suppressed and MBP-reactive Th2-like
CD4*T-cells — which produced large amounts of IL-4 - were isolated from the
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spleen of the recipients [158]. Interestingly, IL-4 induction was associated with
upregulation instead of downregulation of Th1 cytokines, namely IFN-y and IL-
2. Moreover, MBP-specific Th2 cells were induced only when IL-4 was adminis-
tered with MBP-activated T cells, thus suggesting that IL-4 expression requires co-
activation with a TCR-mediated signal. Consequently, administration of an anti-
inflammatory cytokine (e.g. IL-4) during exacerbation of an autoimmune disease
should selectively guide activated, autoantigen-specific T cells to produce the
same cytokine (IL-4). Although induction of autoreactive Th2 lymphocytes by
cytokines associated with selected autoantigens seems a promising approach for
treatment of autoimmune demyelination, further experiments are required to
characterize the mechanisms operative during immune deviation. The role played
by Th2 cells in the immunopathogenesis of EAE has recently been reconsidered
[159]: Th2 cells caused EAE in immunodeficient hosts rather than protect them
from the disease, and disease induction by Th1 cells was not reduced in any recip-
ient by coadministration of previously activated Th2 cells. These apparently con-
tradictory findings suggest that Th2 populations generated under different con-
ditions or from animals of different genetic backgrounds also differ in some
properties, although they produce the same cytokine pattern.

The treatment of RR MS patients with IFN-f (IFN-Bla and IFN-f1b) [160-162]
is currently thought to induce a sort of immune deviation in the cytokine net-
work. However, experimental findings gave contradictory results. On one hand,
IFN-p favored the production of a Th2-like pattern of cytokines, especially IL-10
[163,164], and suppressed IFN-y production by T cells [165]. On the other hand,
IFN-f inhibited the differentiation of Th2 from naive cells, and promoted the dif-
ferentiation in vitro of Th1-type T cells characteristic of cutaneous inflammatory
responses [166].

Along with other cytokines and adhesion molecules, TNF-a¢ and TNF-f3 (also
called lymphotoxin, LT) are present in MS plaques [167,168]. In vitro studies have
demonstrated that TNF-a had a demyelinating effect [169, 170], and that periph-
eral blood mononuclear cells from MS patients with active disease expressed
higher levels of TNF-a mRNA [171, 172]. Moreover, TNF-a injection aggravated
EAE [173]. Finally, in other human autoimmune diseases (i.e. Crohn’s disease and
rheumatoid arthritis) intravenous treatment with the humanized monoclonal
anti-TNF-a antibody cA2 resulted in a significant improvement lasting 2-4
months after a single infusion [174-177]. However, in a open-label phase I safety
trial, two rapidly progressive MS patients treated with cA2 MAb showed no
change in clinical status, while transient increases in gadolinium-enhancing
lesions, cerebrospinal fluid cells and IgG index were observed after each treat-
ment [178]. Recently, TNF-a was suggested to act as a potent anti-inflammatory
cytokine in autoimmune-mediated demyelination: upon immunization with
MOG, mice lacking TNF-a develop severe neurological impairment with high
mortality and extensive inflammation and demyelination. Moreover, inactivation
of the TNF-a gene converted MOG-resistant mice to a state of high susceptibili-
ty. Furthermore, treatment with TNF-a drammatically reduced disease severity in
TNF-o -/- mice. These findings suggest that TNF-a may be not essential for the
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induction and expression of inflammatory and demyelinating lesions, and that it
may limit extent and duration of severe CNS pathology [179].

The contradictory findings reported above point out the potential danger of
therapies based on immune deviation of Th1 cells toward Th2 cells when applied
to autoimmune diseases of unknown pathogenesis [180-182]. It is also clear that
the concept of network must be kept firmly in mind when a cytokine-based ther-
apy is proposed for chronic inflammatory diseases. The systemic administration
of cytokines implicates remarkable side effects, the necessity of high doses in
order to have sufficient cytokine concentration in the target organ, and the
appearance of regulatory mechanisms after repeated injections (e.g. autoantibod-
ies, soluble receptors, receptor antagonists). For these reasons, local (i.e. at the tar-
get tissue level) delivery of suppressive cytokines may represent a therapeutic
strategy for the treatment of autoimmune diseases.

Gene Therapy for Local Delivery of Suppressor Cytokines

The development of viral vectors for gene transfer in the nervous system (see the
outstanding review of Hermens and Verhaagen [183]) has constituted an impor-
tant step forward in designing cytokine/growth factor-based immunotherapies.
Cytokine gene therapy for organ-specific autoimmune diseases using viral vec-
tors can be approached by introducing heterologous genes of suppressive
cytokines in the autoreactive T cells or in the target organ. Antigen-specific T
lymphocytes transduced with viral vectors can deliver regulatory cytokines in a
site-specific manner, thus limiting systemic side effects. Encephalitogenic MBP-
specific T lymphocytes which had been retrovirally modified to express I1L-4
delayed and reduced the severity of EAE when adoptively transferred to MBP-
immunized mice [184]. In this experimental setting, disease amelioration was the
direct expression of intracerebral, rather than systemic, delivery of IL-4. Recently,
non-replicative herpetic vectors were used to introduce the IL-4 gene in Biozzi
mice immunized with MOG,, ., [185, 186]. A significant amelioration of both
clinical and pathological CNS features was observed when herpetic vectors con-
taining IL-4 were injected into the cisterna magna before and after the appear-
ance of EAE signs. The protective effect was not due to systemic IL-4 action
because no anti-MOG Th1 to Th2 immune deviation was observed in treated ani-
mals. These preliminary results indicate that herpetic vector-mediated intracere-
bral release of anti-inflammatory cytokines may represent a useful strategy for
the treatment of CNS autoimmune diseases, especially when the putative
autoantigen is unknown.

Conclusions

Based on stimulating results obtained in EAE, the animal model of autoimmune
demyelination, an impressive number of promising immunoselective therapies
are being developed for the treatment of MS. Some of these therapies are at an
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early stage of development, while others that have been applied successfully in
EAE may lead to a simplistic way of thinking about MS etiology, pathogenesis and
treatment. Since the target antigens are not known and the restricted TCR usage
often found in EAE is generally not found in MS, antigen-specific therapies are
still far from a rationale application in MS. At present, “semiselective” therapies
targeting the cytokine network seem to have a realistic prospect for clinical appli-
cation. However, MS is a heterogeneous disease, not only from the clinical point
of view but also from the pathological one, and many immunological mecha-
nisms may account for myelin damage. Therefore, only a better understanding of
MS immunopathology will provide the basis for more rational and effective ther-
apeutic interventions.
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Chapter 21

Animal Models of Demyelination of the
Central Nervous System

A. UCCELLI

Experimental Autoimmune Encephalomyelitis

Experimental autoimmune encephalomyelitis (EAE) is possibly the best animal
model for studying autoimmune diseases and in particular demyelinating dis-
eases of the central nervous system (CNS) such as multiple sclerosis (MS). Since
the classic studies of Rivers et al. [1] in monkeys immunized with CNS
homogenate, EAE has been an invaluable tool for dissecting mechanisms of the
immune response against self-antigens within the CNS, as well for testing new
therapies for the treatment of autoimmune diseases. An autoimmune response
leading to EAE in susceptible species can be obtained by active immunization
with CNS proteins or by passive transfer of T lymphocytes reactive against myelin
antigens to syngeneic recipients. The role of T lymphocytes in EAE was first
demonstrated by Paterson who succeeded in transferring disease by means of
T cells from immunized animals [2]. Since then, many researchers have attempt-
ed to characterize the role of T cells in EAE. Over the years it became clear that
activated CD4* T cells mediate EAE upon recognition of the target antigen bound
to class II molecules of the major histocompatibility complex (MHC) [3].
Encephalitogenic T cells can be retrieved from the blood of immunized as well as
naive animals, supporting the concept that autoaggressive lymphocytes are part
of the natural immune repertoire [4, 5].

Virtually all mammalian species can be susceptible to EAE as long as they are
properly immunized; several species and strains have been utilized including
mice, rats and guinea pigs (Table 1). The clinical, pathological and immunologi-
cal picture of autoimmune models of demyelination depends upon the mode of
sensitization, the nature of the immunogen, and the genetic background of each
species and strain.

Modes of sensitization include the route of immunization, primarily subcuta-
neously, and the use of immunogens emulsified with an equal volume of complete
Freund’s adjuvant containing Mycobacterium tuberculosis to create an antigen
depot. Boosts with Bordetella pertussis are often used to help open the blood-
brain barrier (BBB).

Whole myelin homogenate as well as distinct myelin proteins, including myelin

Neuroimmunology Unit, Department of Neurological Sciences and Neurorehabilitation,
University of Genoa, Italy. e-mail: labunit@cisi.unige.it
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Table 1. Models of experimental autoimmune encephalomyelitis

Species MHC  Immu- Encephalitogenic TCR Course Reference
nogen epitope (amino
acid sequence)

Mice Inbred
Biozzi/ABH dql MH - - RR Baker et al. [27]
MOG  1-22/43-47/134-148 - CR Amor et al. [28]
SJL H-28 MH - - AM Brown {15]
MBP  89-101 VB17 AM  Zamvil [3]
PLP 139-151 ~ RR Tuohy [95]
PLP 40-70/100-119/178-209 -~ RR Greer [30]
MOG 92-106 - CR Amor [28]
PL/] H-2V MH - - AM Zamvil [3]
MBP  Acl-9 Vp8.2/Va2 CR Zamvil [3]
MBP  35-47 - CR  Zamvil [3]
MOG 35-55 - CR Kerlero de Rosbo [97]
C57BL/6 H-2B MOG  35-55 V8 CP Mendel [96]
C3H.SW H-2K MOG  35-55 Vg8 CP Mendel [96]
B.10.PL H-2V MH Acl-9 VB8.2/Va2 AM Zamvil [3]
MBP 1-37 - CR Zamvil [3]
Rats Inbred
Lewis RTLB! MH - - AM Hoffman et al. (98]
MBP 68-88 Vp8.2/Va2 AM Burns et al. [18]
MOG  35-55 - RR Linington et al. [8]
DA avl MH - - CR Lorentzen et al. {29]
Guinea Pig  Inbred
13 - MH - - AM Freud [99]
Primates Qutbred
Macaque - MH Heterogeneous - AM Rivers [1]
Marmoset - MH Heterogeneous Diverse CR Massacesi et al. [78]

MHC, major histocompatibility complex; MH, myelin homogenate; MOG, myelin oligodendrocyte
glycoprotein; MBP, myelin basic protein; PLP, proteolipid protein; RR, relapsing-remitting; CR, chron-
ic relapsing; AM, acute monophasic; CP, chronic progressing; -, Not determined.

basic protein (MBP), myelin oligodendrocyte glycoprotein (MOG), and prote-
olipid protein (PLP), have been used to induce EAE in different species. The role
of MBP, an abundant hydrophilic myelin protein, was first characterized by Ben-
Nun and colleagues who successfully induced EAE by transferring MBP-specific
T cell lines to naive Lewis rats [6]. Passive transfer studies also elucidated the role
of other myelin antigens, including PLP {7] and MOG {8]. MOG, a minor glyco-
protein exposed on the surface of the myelin sheath, is the target of both humoral
and cellular immune responses. The importance of the humoral response to MOG
was first demonstrated by Linington et al. who showed the presence of sharp
demyelination following the injection of anti-MOG auto-antibodies into animals
with T-cell-mediated EAE [9]. Other encephalitogenic proteins include a lipid-
bound form of MBP {10] as well as non-myelin auto-antigens such as the astro-
cyte-derived calcium binding protein S1008 [11].
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Depending upon the species, the antigen and the mode of sensitization, the
course of EAE can be monophasic acute, chronic relapsing, or even primarily pro-
gressive, mimicking human MS. The classic picture of acute EAE is characterized
by perivascular inflammation mainly represented by CD4+ and CD8+ T lympho-
cytes and macrophages within the cerebral white matter. Nevertheless, manipula-
tion of the above-mentioned factors can lead to a wide spectrum of neuropatho-
logical patterns including demyelination, remyelination, gliosis, loss of axons and,
in certain species, also necrosis [12].

EAE in Inbred Species

Olitsky and Yager were the first to establish EAE in mice [13]. Since then, thou-
sands of scientists have used inbred rodents as the most suitable species for EAE
studies. EAE has been successfully induced in guinea pigs [14] as well as in sev-
eral strains of rats and mice. Some mice strains such as SJL/J develop a relapsing-
remitting disease following active immunization with spinal cord homogenate
[15]. Pathological investigations show the presence of mononuclear cell infiltrates
within the CNS and demyelination. A similar disease can also be obtained by the
adoptive transfer of MBP-specific T lymphocytes [16]. In this H-25 strain, a few
epitopes of MBP concentrated within the sequence of amino acids 89-101 are rec-
ognized by encephalitogenic T cells which preferentially use the T cell receptor
(TCR) VP17 segment [17]. A more restricted response to encephalitogenic deter-
minants of MBP has been reported for EAE-susceptible H-2V mice such as PL/J
and B.10.PL. Both encephalitogenic and non-encephalitogenic T cells recognize
the N-terminal peptide Ac1-9 utilizing the same TCR Vf8.2/Va2 (or Va4) gene
combination [3]. Interestingly, the same TCR gene segments are characteristic of
the T cell response to MBP in Lewis rats [18]. In Lewis rats, EAE induced either by
active immunization or by passive transfer of T cells is an acute monophasic dis-
ease mostly characterized by inflammation [19]. In this species, EAE is mediated
by CD4+ encephalitogenic T lymphocytes that are specific for the peptide MBP
68-88 in the context of the class II MHC molecule RT1.B! [20] and that rapidly
home to and persist at the site of inflammation [21]. The dominant use of a
restricted TCR repertoire has been successfully exploited in designing
immunospecific therapies by means of anti-V3 monoclonal antibodies [22] and
active vaccination with epitopes of the encephalitogenic TCR molecule [23].
Nevertheless, the presence of an epitope dominance, as well as limited TCR usage
within the T cell response to MBP, seems to be confined to the early phases of EAE
and remains controversial in humans. Later stages of EAE are characterized by a
more diverse recognition of previously cryptic determinants inside the MBP mol-
ecule (intra-molecular spreading) and within other CNS antigens (inter-molecu-
lar spreading) [24]. The appearance of a diverse T cell repertoire is further con-
firmed by the presence, in the spinal cord of rats with EAE, of a heterogeneous V
population during the recovery phase of disease [25]. This may result from apop-
tosis of encephalitogenic T cell clones [26] followed by secondary recruitment of
activated cells from the recirculating T cell pool specific for minor antigens.
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Recently, a chronic relapsing form of EAE has been successfully induced in
Biozzi (AB/H) mice by immunization with spinal cord homogenate [27] or MOG
[28]. The full spectrum of pathological lesions seen in MS, including sharp
demyelination and remyelination, is seen in this species. Another useful model,
recently described in DA rats, is characterized by a chronic relapsing course,
inflammation and demyelination [29].

In contrast to the rather restricted response to MBP, a diverse recognition of
determinants within other myelin antigens such as PLP [30] and MOG [28] seems
to occur in most rodents. However as a general rule for all inbred species, strains
of different haplotype appear to react with different epitopes of myelin antigens.

The presence of encephalitogenic T cells reacting against self-antigens in naive
animals is of remarkable conceptual importance and supports the fact that
autoaggressive T cells escaping thymic deletion are maintained within the normal
circulating T lymphocyte pool [4, 5]. A possible explanation for self-reactive T
cells escaping negative selection has been recently clarified in a MBP-/- transgenic
model in which endogenous MBP inactivated high avidity clones reactive against
the immunodominant epitope and made that determinant appear cryptic [31].

Thus, other factors are also necessary to cause autoimmune disease. The genet-
ic background is a major factor conferring susceptibility to EAE; a number of
murine loci have already been identified [32]. Both MHC and non-MHC genes
have been reported to control the development and severity of EAE [33]. The role
of environmental factors has been elegantly elucidated by Goverman and col-
leagues [34] who created transgenic mice expressing an MBP-specific TCR; these
mice spontaneously developed EAE only when challenged with microbial stimuli.
In a similar model, the complete cohort of anti-MBP TCR transgenic mice, defi-
cient for mature T and B cells, developed spontaneous EAE, suggesting that other
cells may have a protective role counteracting encephalitogenic cells [35]. A pro-
tective or regulatory role has been claimed for almost all cells involved in the
immune response including CD4+ [36], CD8* [37], and CD4-CD8- [38] T cells,
macrophages [39], B cells [40], y8 T cells [41] and NK cells [42].

The environment exerts a major effect on EAE, leading to the activation of
potentially autoaggressive T cells which consequently home to the brain and
induce disease [43]. Activation state is the necessary prerequisite for T cells to
migrate through the BBB irrespective of their antigen specificity. Activation of
myelin-specific T lymphocytes in the peripheral compartment can occur through
a mechanism of molecular mimicry [44] and by stimulation with microbial
superantigens [45]. Other theoretical possibilities such as activation of T cells car-
rying two sets of receptors, one specific for a foreign protein and another for a
self-antigen, have never been demonstrated to play a role in autoimmunity [46].
Migration through the BBB involves adhesion molecules on both T cells (LFA-1
and VLA-4) and endothelial cells (ICAM-1 and VCAM-1) [47]. Following migra-
tion through the BBB, neuroantigen-specific CD4* T cells are reactivated in situ
by fragments of myelin antigens presented in the framework of class Il MHC mol-
ecules on the surface of local antigen-presenting cells including macrophages,
microglia and, although less efficient, astrocytes [48]. These events are associated
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with the release of proinflammatory cytokines leading to the upregulation of
MHC molecules on a variety of resident, antigen-presenting cells [49]. The kinet-
ics of cytokines along the EAE clinical course suggests the role of T helper 1 (Th1)
cytokines such as tumor necrosis factor (TNF)-o, TNF-, interleukin (IL)-12,and
interferon (IFN)-y before and at the peak of disease. The recovery phase corre-
lates with Th2 cytokines such as transforming growth factor (TGF)-f, IL-10 and
possibly IL-4 [50]. The onset of overt inflammation also maintains endothelial
activation and leads to a second wave of inflammatory recruitment, including T
cells and macrophages that damage tissue by means of TNF-a [51], oxygen and
nitrogen intermediates, perforin and complement [52] and demyelinating anti-
bodies [9]. '

Thus far, no consistent evidence differentiates between activated MBP-specific
T lymphocytes with no encephalitogenic capabilities and their pathogenic coun-
terparts, in spite of identical growing and stimulation conditions, sharing of epi-
tope specificity, and MHC restriction. Some studies suggest that differences in
encephalitogenicity correlate with a predominant Th1 cytokine profile [53], their
brain homing capacity [54] and the ability to mediate a delayed-type hypersensi-
tivity (DTH) response [55]. Moreover, encephalitogenic T cells, despite their CD4+*
phenotype, were cytotoxic for cells (e.g. astrocytes) presenting myelin antigens in
an MHC-restricted manner [56]. On the other hand, non-encephalitogenic T cells
may initiate autoimmune regulatory mechanisms through the production of IL-3
[57]. At least in Lewis rats, encephalitogenicity of MBP-specific T cells may corre-
late with the cytokine profile which depends on the MHC haplotype of the strain
[58].

A rather simplistic picture of the EAE cytokine network suggests that TNF-a,
TNF-B, IEN-y and IL-12 (proinflammatory cytokines) have a disease-promoting
role while TGF-3, IL-10 and possibly IL-4 (anti-inflammatory cytokines) protect
from disease. Although a detailed analysis of the current literature on this topic is
beyond the scope of this chapter, an enormous amount of data states that the real
picture is much more complicated. Several factors influence the cytokine profile
of effector and regulatory cells in EAE and, therefore, the final outcome of the
immune response within the target organ. These include age of the animal [59],
nature of antigen-presenting cells [60, 61], local cytokine micro-environment
[62], selective engagement with costimulatory molecules [63] interaction with
altered forms of the immunizing antigen [64], and the route of immunization
[65].

Based on the hypothesis that Th1 cytokines play a promoting effect on autoim-
munity while Th2 cytokines may have a protective role,immune deviation toward
a Th2 profile has been exploited for successfully treating EAE by administration
of anti-inflammatory cytokines [66], altered peptide ligands [64], monoclonal
antibodies (MAD) affecting B7/CD28 interactions [63] or anti-inflammatory
cytokines [67, 68], and by induction of oral tolerance [65]. Despite the success of
most experimental treatments targeting Thl cytokines, the Thl versus Th2
dichotomy underscores the complexity of interactions that lead to reciprocal
cross-regulation of Th1/Th2 responses. This has been dramatically elucidated by
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the severe aggravation of EAE in primates due to an enhanced Th2 response
occurring after discontinuation of treatment for immune deviation [69].
Moreover, conflicting results arise from the utilization of genetically manipulated
mice either lacking or over-expressing cytokines, as is the case in a number of
TNF-a studies which demonstrated a different clinical phenotype depending on
the experimental conditions. For example, over-expression of TNF-a in trans-
genic mice leads to spontaneous inflammation and demyelination within the CNS
[70], while TNF-a deficient knock-out mice can still develop EAE, thus challeng-
ing the role of this cytokine in EAE pathogenesis [71]. Surprisingly, in a recent
study, MOG-immunized, TNF-deficient mice developed severe EAE but were
remarkably ameliorated by the administration of TNF-a, possibly supporting a
protective role for this cytokine [72]. Targeting cytokine genes has helped to elu-
cidate the role of other cytokines such as INF-y [73], IL-4 and IL-10 [74], nitric
oxide [75], and also of Fas/Fas-ligand and perforin pathways [76]. Nevertheless, it
must be kept in mind that genetic manipulation results in experimental condi-
tions that only partially represent the in vivo situation and that likely underscore
the redundancy of the cytokine system.

Overall, the deep knowledge of the immunogenetics of inbred species and the
possibility of successfully manipulating these animals, together with their acces-
sibility and moderate costs, make these species the first choice for studies on
autoimmune diseases of the CNS.

EAE in Qutbred Species

EAE in non-human primates represented the first experimental model for
demyelinating diseases of the CNS [1]. The recent advances in primate housing
and handling techniques, knowledge of primate anatomy, immunology and
genetics, and the compatibility with most human reagents and diagnostic tech-
niques have sparked wide interest in EAE in these species. A unique advantage of
monkeys arises from their outbred condition that closely resembles the human
status. Moreover, the transfer of immunocompetent cells in outbred primates is
allowed by the possibility of crossing the trans-species barrier among closely
related species [77] and by the natural bone marrow chimerism in some others
[5]. Therefore, in primates it is possible to elucidate the role of pathogenic cells by
means of passive transfer experiments in a polymorphic setting. Recently, EAE
has been induced in the common marmoset Callithrix jacchus, a unique primate
species whose offspring develop in utero as genetically distinct twins or triplets
sharing bone marrow-derived elements through a common placental circulation
[78]. It has been recently demonstrated that C. jacchus TCR genes are extensively
conserved [79] and that class Il MHC region genes, despite a relatively low poly-
morphism, encode the evolutionary equivalents of the HLA-DR and -DQ mole-
cules [80]. A fully demyelinating form of EAE has been induced by active immu-
nization with whole myelin [78], MOG or MBP followed by administration of
MOG-specific antibodies [81]. Passive transfer experiments have demonstrated
that encephalitogenic MBP-specific T cells are part of the normal marmoset
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repertoire [5]. As in humans, MBP-reactive T cells recognize different determi-
nants by means of a diverse TCR repertoire (A. Uccelli, unpublished results). EAE
induced with whole myelin or MOG is characterized pathologically by perivascu-
lar inflammation with conspicuous primary demyelination whose topography
correlates with magnetic resonance imaging (MRI) abnormalities [82]. On the
contrary, immunization with MBP or passive transfer of MBP-reactive T cells
leads to mild inflammation and no demyelination ([5] and G.L. Mancardi and A.
Uccelli, unpublished results). A complex role for cytokines, possibly released by
activated T lymphocytes and macrophages during the immune response, is sug-
gested by the high expression of CD40 and CD40-ligands in marmoset active
lesions [83]. The role of Thl cytokines has been demonstrated by the prevention
of disease following treatment with the cAMP-specific type IV phosphodiesterase
inhibitor Rolipram [84]. On the other hand, the ambiguous role of Th2 cytokines
was highlighted by the enhancement of EAE occurring after discontinuation of a
MOG-based tolerization treatment due to an enhanced proliferative and antibody
response to the antigen. Hence, it is likely that Th2-like T cells play a different role,
protecting or favoring autoimmunity, under different conditions [69].

EAE has also been induced in macaques by immunization with myelin or MBP
emulsified in complete adjuvant [85]. The EAE course is primarily hyperacute or
acute, often with a lethal outcome, and is characterized by intense inflammation
associated with hemorrhages and necrosis resembling acute disseminated ence-
phalomyelitis [86]. The association of EAE-susceptibility with a class II MHC
allele [87], the presence of myelin-reactive T cells correlating with the course of
EAE [86], the beneficial effect of anti-CD4 antibodies on EAE outcome [88], and
the possibility of inducing a mild form of EAE by adoptive transfer of MBP-spe-
cific T cells from unprimed animals [89] all provide strong evidence that T cells
play a central role in this model.

At the moment, the major advantage of a non-human primate EAE model for
human MS resides in the molecular and functional organization of the primate
immune system, leading to the possibility of evaluating the safety and efficacy of
biological molecules as therapy for MS.

Virus-Induced Demyelinating Diseases

CNS demyelination spontaneously occurs following infection with neurotropic
viruses such as Theiler’s virus [90]. Theiler’s murine encephalomyelitis virus
(TMEV), a natural mouse pathogen, is a picornavirus that induces a chronic
demyelinating disease with a clinical course and histopathology similar to that of
chronic-progressive MS. Viral persistence within the CNS is required for the
immune system to mount a cellular and humoral response leading to demyelina-
tion [91]. The host response may trigger both protective and pathogenic immune
responses which are the result of a balance between persistent viral infection and
immune injury mediated by CD4+ or CD8+ T cells and antibodies [92]. In suscep-
tible animals the lack of virus-specific cytotoxicity has been postulated to lead to
demyelination. On the other hand, resistant strains clear the infection following
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acute encephalomyelitis, possibly due to the ability to generate an effective class
I-restricted T-cell response [93]. As in EAE, epitope spreading to endogenous
myelin determinants has been shown to play a key role in the chronic-progressive
course of disease. Demyelination in TMEV-infected mice is initiated by a
mononuclear inflammatory response mediated by virus-specific CD4+ T cells tar-
geting viruses, which chronically persists in the CNS. Following myelin destruc-
tion, activation of CD4+ T cells specific for multiple myelin epitopes occurs, lead-
ing to disease progression [94]. Other models of virus-mediated demyelinating
disease of the CNS are obtained by infections with the mouse hepatitis virus
strain JHM (MHV-JHM) and corona virus.

Although almost the complete spectrum of MS-like lesions can be observed in
virus models of demyelination, the mechanisms underlying the pathogenesis of
immune response within the CNS are extremely complex and depend on the
mutual interaction between virus and host, thus making it difficult to dissect the
role of each factor in the pathogenesis of demyelinating diseases of the CNS.
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Chapter 22

MHC and Non-MHC Genetics of Experimental Autoimmune
Encephalomyelitis

T. OLSSON, I. DAHLMAN, E. WALLSTROM

Introduction

Our present understanding of the ethiopathogenesis of multiple sclerosis (MS)
and its experimental models, e.g. various forms of experimental autoimmune
encephalomyelitis (EAE), includes three cornerstones: (1) autoimmunity to com-
ponents of the central nervous system (CNS), (2) genetic predisposition, and (3)
environmental influences.

Details in steps leading to autoaggressive T and B cell-mediated damage to the
CNS have been, and are continuously dissected, mainly in EAE. However, geneti-
cally regulated bottlenecks which allow disease in one individual, but not in
another are still largely unknown. Exact definition of these may allow develop-
ment of rational therapy. The reasons to study MS/EAE genetics are thus not to
develop prenatal genetic diagnosis or any other genetic preventive measures, but
instead to find proper targets for therapy. In this chapter the genetics of MS is first
briefly summarized, followed by a more extensive description of technical and
biological issues related to the dissection of the genetic regulation of EAE.

Genetic Basis for the Susceptibility to MS

There are several observations supporting a genetic basis for MS. First, twin stud-
ies have shown an approximate concordance rate between monozygotic twins of
30%, while dizygotic twins are concordant in 2%-49%, similar to siblings [1]. This
should be compared to the prevalence in the general population of 0.1%-0.2%.
Besides documenting a genetic basis for MS, the figures also demonstrate the
need for environmental events to trigger the disease. Second, one study in Canada
on children adopted before one year of age have shown influence of genetic fac-
tors alone on the familial aggregation of MS [2]. This argues against unique envi-
ronmental agents causing MS, but does not rule out common infectious agents or
factors such as diet and climate. Adding evidence against unique environmental
factors, maternal and paternal half-sibs display similar age-adjusted MS rates,
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also arguing against intrauterine and perinatal factors, as well as genomic
imprinting and mitochondrial genes [3].

The drops in concordance rates from monozygotic to dizygotic twins show
that more than one gene is involved. Thus, the disease is polygenic and the num-
ber of genes has been theoretically estimated at 5-10 [4]. The HLA complex is so
far the only well established genome region known to influence MS. This has
mainly been documented in studies of sporadic cases compared to healthy con-
trols [5], but recently also in whole genome scans of family materials [6-8].
However, estimations of the relative risk provided by the HLA complex varies
between 5%-60% [5, 9, 10]. In any case, yet undefined non-HLA genes must also
be of importance.

Genetic influences of the HLA Complex on MS

Since approximately 30 years ago, it has been known that certain haplotypes of
this gene region predispose for MS. In particular individuals carrying HLA-DR2
(DRB1%1501-DRB5*0101-DQA1*0102-DQB1*0602) are at higher risk [11]. HLA-
DR3 appears to provide some risk increase [11], while in certain populations DR4
may be important [12]. Notably, no single HLA type seems to exclude MS.

The HLA region codes for numerous immunoregulatory genes. Since the
region mostly is inherited “in blocks”, e.g. there are few recombinations in the
region, it is difficult to pinpoint particular genes in humans responsible for the
increase in risk. However, the class II HLA region, harboring the class II MHC
genes, shows the strongest association [13]. The class I molecules present protein
fragments to T cells. A common speculation for the risk increase of certain HLA
types is that allelic differences in the capability to present autoantigenic peptides
leads to higher numbers or more pathogenic autoreactive T cells. This could take
place either in the thymus, with differences in the clonal deletion of autoreactive
cells, or in the periphery with differences in activation of such cells. The pre-
sumed genetic influence on MS by molecules in the trimolecular complex, i.e. the
class IT molecules, also forms the background to the studies aiming at defining so-
called immunodominant immune responses to epitopes of candidate myelin
autoantigens like proteolipid protein (PLP), myelin basic protein (MBP) and
myelin oligodendrocyte glycoprotein (MOG) [14]. Mapping of dominant
encephalitogenic myelin epitopes, which depend on the MHC haplotype, has
allowed antigen-specific therapy in EAE. Thus, there is hope that definition of
such dominant responses to a restricted number of epitopes in humans may allow
selective immunotherapy. Furthermore, considering the genetic influence of the
class IT HLA region, it is natural that many of the new, more or less immunose-
lective therapies tried in phase I trials aim at interfering with the trimolecular
complex (MHC-antigenic peptide-T cell receptor). However, it is still not exclud-
ed that neighboring genes are instrumental, or that the DR or DQ molecules are
the most important. For example, recent evidence suggests that certain class I
HLA alleles can either increase or decrease the risk for MS [15]. Finally, the mech-



248 T. Olsson et al.

anisms for the MHC influence are still unclear and experimentation on this may
to a large extent only be done in proper experimental models of MS, such as cer-
tain forms of EAE.

Non-HLA Gene Influences on MS

Approaches to detect non-HLA genes regulating MS susceptibility have included:
(1) association studies of candidate genes of sporadic MS cases compared to
healthy controls, and (2) whole genome scans of families studied with linkage
analysis. The status of these two forms of analysis will be presented in the follow-
ing discussion.

Association studies of candidate genes have repeatedly shown an influence of
certain HLA haplotypes on the risk to develop MS, but as a rule for a long series
of other candidate genes, initial claims of influence have not been reproduced in
independent materials (reviewed in [9, 11]). There are several reasons for these
difficulties. The common assumption that MS is due to an immunological dys-
regulation has focused attention on genes important for inflammation/immunity.
However, these may be numerous (thousands), and it will be difficult to make
educated guesses on which are important. A second obstacle may relate to ethnic-
ity. Genes disposing for MS may well differ in populations with different ethnic
origins. The different HLA haplotype association in Sardinia [12] may be one
example of this. Third, the control material must be accurate, e.g. population-
based, ethnically comparable and from the same geographic region as the MS
material. This has not always been the case in association studies. Despite these
problems, association studies with larger materials and new gene technologies
may prove valuable, especially if candidate genes or regions can be defined in a
rational way, for example in animal models.

A series of whole genome scans has recently been published [6-8, 16, 17]. The
methodology used has mainly been mapping of anonymous microsattelite mark-
ers to identify alleles shared by affected sibling-pairs. Combined experience from
these studies are as follows:

1. markers within or close to the HLA complex have shown some degree of link-
age in all scans;

2. no non-HLA region has shown unequivocal linkage to disease;

3. regions with suggestive linkage largely vary between studies. However,

4. certain regions start to emerge as “hot spots”, such as the 17q22-q24 region

[16];

5. stratification for the risk increasing HLA haplotype (HLA-DR2) reveals certain

loci that depend on this locus and others that are independent [17];

6. a gene, apart from the HLA complex, with major impact on disease is highly
unlikely;

7. linkage analysis of family materials will require hundreds of families to
positionally clone genes, since each gene has only a modest or low impact on

MS.
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There are several reasons for these partly frustrating results:

1. genetic heterogeneity. Different genes may predispose for the same phenotype,
e.g- MS, and these may vary between families and ethnic origins. In this case,
collection of additional families may “dilute out” effects of important genes;

2. the disease disposing genes may contribute with small increases in the risk to
developing MS. In this case it may not be possible to collect large enough fam-
ily to detect a minor genetic effect;

3. furthermore, positional cloning is as yet not achieved in human polygenic dis-
eases and it will be difficult to experimentally evaluate a gene of putative rele-
vance.

Many groups now are on their way, or are considering to, study large popula-
tion-based samples by association analysis, focusing on “hot spots” defined in
linkage analysis. This is in addition to the technique named transmission dyse-
quilibrium test (TDT), in which the allele frequency in parents of the affected
individual is used as control. The development of the human genome project and
the availability of dense new genetic markers may enable performing whole
genome scans using association analysis.

An alternative and additional strategy is to study gene influences in animal
models and by synteny comparisons, define candidate genes to be tested by asso-
ciation in human materials. Even if not the same as in MS, genes defined in ani-
mals may unravel pathogenetic pathways of relevance also in human disease.

Considerations on EAE Models Suitable for Genetic Analysis

The term “model” implies that the experimental disease in focus for study not is
identical to the human disease. Instead, the experimental models offer possibili-
ties to study disease-causing mechanisms that are common between species. To
reveal pathways of importance for human disease, the models should aim at mim-
icking MS as closely as possible.

A first point to consider is whether to use spontaneously occurring disease or
disease induced by experimental manipulation. In organ-specific inflammatory
disease afflicting the Langerhans islets, i.e. diabetes, rodent models exist which
can be argued to develop spontaneously such as in nonobese diabetic (NOD)
mice or Bio-Breeding (BB) rats. However, also in these, there are strong environ-
mental influences on disease incidence. There is so far no description of sponta-
neously occurring MS-like disease in non-manipulated animals. Instead, all
models either involve active immunization with myelin antigens and adjuvant,
transfer of disease with myelin autoreactive immunocompetent cells, or viral
infection. Also in MS, it can be argued that the disease is not spontaneous, but
instead induced, although the triggering agent is unknown. This is clear in con-
sideration of the 30% concordance rate between monozygotic twins. Thus, we
think that the need for active induction of EAE in rodents may be an advantage
rather than a drawback.

A second important point of relevance is the disease course. Perhaps the most
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characteristic feature of MS is chronicity. Therefore gene influences allowing such
a disease course are important to find, and the EAE model used should be chron-
ic. Commonly employed EAE models in mice or rats have monophasic disease
courses and are therfore less attractive for genetic analysis. However, increasing
numbers of chronic and/or relapsing EAE models in both mice and rats have
emerged.

In mice, a variety of immunization protocols induce chronic disease in B10 RIII
[18], SJL/] [19] or Biozzi strains [20]. Most mouse models require quite intense
adjuvants to develope disease. In addition to the mycobacteria and mineral oil in
Freund’s complete adjuvant (FCA), mice are commonly injected with pertussis
toxin. The amount and types of adjuvants used may well affect the sets of gene
influences detected. In any case, identified genome regions with influences on dis-
ease may have relevance for human disease. There are now defined genome
regions that regulate adjuvant-induced inflammation leading to arthritis [21-23].

The most commonly used strain of rat, LEW, usually develops disease with a
monophasic course when immunized with either whole spinal cord homogenate
or MBP. However, there are also rat EAE models displaying chronicity. The DA or
LEW AV1 rat strains, immunized either with whole spinal cord homogenate or
MOG in adjuvant develop chronic relapsing disease, and are therefore attractive
for genetic analysis [24-26]. Of importance for the genetic analysis is that there are
other rat strains which are resistant or at least much less susceptible with the same
immunization protocols (see the section “Non-MHC Gene Influences on EAE”).

A third matter of interest is the mimicry of lesional pathology. This seems to
be affected mainly by the myelin autoantigen used for immunization. The list of
CNS antigens that are able to induce EAE is steadily increasing. Commonly used
myelin antigens include MBP, PLP and MOG. Use of MBP or PLP tends to induce
EAE with considerable inflammation in the CNS, but with little or no demyelina-
tion, a hallmark of human MS [27]. MOG is so far unique among myelin antigens
in its ability to induce a combined autoimmune pathogenic T and B cell response,
leading to demyelination. The surface exposure of MOG on the outer lamellae of
the myelin sheath allows binding of demyelinating autoantibodies [28]. The
lesional pathology of MOG-induced EAE in rats closely resembles that seen in MS
[25,26]. This model is therefore attractive for genetic analysis.

There are thus options to use both mouse and rat EAE models for genetic stud-
ies. Mouse models have advantages by requiring less space, and follow-up studies
using gene deletions and transgenic expression of candidate genes can be per-
formed. In addition, more genes have been mapped in mice and there is better
access to immunological reagents of importance for the phenotypic analysis.
Apparent advantages with rat EAE models are a more MS-like disease, less intense
protocols for disease induction and, in our experience, a more stable and repro-
ducible phenotype, e.g. disease outcome, of putative importance in later position-
al cloning attempts. Mapping studies in both species are necessary, since the more
species and strains that are examined, the more likely it is to find a maximum
number of disease regulatory genes. This chapter mainly adresses rat EAE.
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Technical Approaches for Genetic Studies in Rodents

In the following we discuss existing strains, strategies and techniques for genetic
analysis focusing on the rat species.

Use and Availability of MHC/Non-MHC Congenes in Rats

Since EAE is regulated by genes within and outside the MHC complex, it is almost
invaluable to have access to congenic inbred strains where either the non-MHC
background genome is kept constant and the MHC haplotypes are varied, or vice
versa. Thus, when studying non-MHC background gene influences, it is desirable
to keep the MHC haplotype constant since the genetic influence from this region
on a particular EAE form in most cases already is known. In this way, the number
of animals neccessary to detect other gene regions with influence will be drasti-
cally reduced. When studying regulatory influences due to polymorphisms of
genes in the MHC complex, it is instead of interest to keep the background
genome constant. In certain instances, there are also rat strains with recombina-
tions within the MHC complex, allowing a rough mapping of influences within
this region. A few examples of such rat strains illustrating these matters are given
in Table 1. The method to obtain a congenic strain by selective backcrossing is dis-
cussed in the following section.

Compared to mice, the availability of inbred congenic and recombinant con-
genic strains in rats is much more limited. This has several reasons, one being
that rats are larger than mice and therefore more costly to breed and propagate.
Another reason is the lack of programs for embryo freezing. The congenic rats
that are available can be bought from commercial suppliers such as Charles

Table 1. Examples of inbred rat strains with differing rat MHC (RT1) haplotypes or non-
MHC background genomes. Donor strains of congenic gene fragment are shown in
parentheses

Type of congene Strain Haplotype ClassI ClassII Class III
Constant MHC on varied DA avl a a avl
background ACI avl a a avl
PVG-RT1la (DA) avl a a avl
Varied MHC on constant LEW. 1AVI(DA) avl a a avl
background LEW.1A(AVN) a a a a
LEW. N(BN) n n n n
LEW. W(WP) u u u u
LEW 1 1 1 1
Intra-MHC recombinant LEW. 1AR1 r2 a u u
strains LEW. 1AR2 r3 a a u
LEW. IWR1 r4 u u a
LEW.1WR2 6 u a a
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River Laboratories (www.criver.com) or obtained through cooperation with uni-
versity institutions such as Zentrale Tierlaboratorium, Medizinische Hochschule
Hannover (Prof. Hans Hedrich; www.mh-hannover.de/institut/tierlabor/home-
tier.htm). So far, mainly MHC congenic and intra-MHC recombinant congenic
rats have been available, most often on the LEW or the PVG non-MHC back-
ground [29].

With the current interest in mapping non-MHC genes in complex experimen-
tal autoimmune disorders such as EAE and autoimmune arthritis, it can be
expected that congenic strains for non-MHC genome regions may also become
available.

When planning experiments with congenic strains acquired from commercial
suppliers or other research groups it is advisable to consider that in congenic
strains, there may be remaining gene fragments from the congenic donor strain.
The congenic strain may also have changed genetically due to genetic drift dur-
ing the propagation of the rats after the congenization. To test this possibility
experimentally, an F2 intercross between the congenic strain and the donor strain
can be investigated for the phenotype of interest and correlated to the presence or
absence of the congenic fragment {29]. If genetic drift is suspected, the congenic
strain may be crossed with the founder strain again, in the same manner as
described for the generation of a new congenic strains (discussed in the following
section). Experiments in F2 intercrosses may also detect effects of remaining gene
fragments at other loci in the congenic strain, derived from the donor. It is there-
fore always advisable to substantiate phenotypic findings in congenic strains.

Principles and Techniques for Linkage Analysis in Mouse and Rat Crosses

Genetic Mapping in Controlled Crosses. Mapping susceptibility genes for complex
disorders in crosses between inbred rodent strains has the advantage that genet-
ic heterogeneity can be avoided and the environmental influence reduced.
Susceptibility gene mapping can be separated into (1) identification and (2) fine-
mapping of susceptibility loci.

Strategies for Identification of Susceptibility Loci. Three different breeding schemes
can be used to identify susceptibility loci in experimental animals: F2 intercross,
backcross and recombinant inbred strains (Fig. 1) (reviewed in [30]). In all cases,
the investigator initially identifies two inbred strains whose phenotype differs
with regard to the trait of interest, i.e. susceptibility or resistance to EAE. These
strains are bred to produce heterozygous F1 animals, all of whom have an identi-
cal genotype and a phenotype that in most cases is intermediate between the two
parental strains. When an F2 intercross is used for genetic mapping, the heterozy-
gous rats are then brother-sister mated to produce a large F2 population. The F2
individuals will carry different combinations of the two parental genomes and as
a consequence the phenotype will differ between these animals due to differences
in the genetic background. Genes controlling a phenotype can be identified in this
F2 population by linkage analysis, using markers that are evenly distributed across



MHC and Non-MHC Genetics of Experimental Autoimmune Encephalomyelitis 253

the genome. If a susceptibility locus exists close to a marker, then the phenotype
of the animals in the three genotype classes (homozygous strain A, heterozygous
AB, homozygous strain B) should differ from one another. Statistical analysis is
used to precisely map such loci and to rule out effects of chance alone.

As an alternative to the F2 intercross, a backcross can be used for genetic map-
ping. The drawback with a backcross is that dominantly and recessively acting
genes cannot be detected in the same cross. Therefore, F2 intercrosses are more
common in linkage analysis of polygenic diseases.

Recombinant inbred strains are a set of strains carrying different combina-
tions of two parental genomes, which are produced by brother-sister meeting of
an F2 intercross for at least 20 additional generations. Once the recombinant
inbred strains have been genotyped, they can be used to map susceptibility loci
for any phenotype which segregates between the strains. The limiting factor for
the use of recombinant inbred strains for genetic mapping is the availability of a

set of strains which differs with regard to the studied phenotype.
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Fig. 1. Common experimental crosses used in genetic mapping. An individual is here rep-
resented by three pairs of homologous chromosomes (thick lines). See text for details
about the crosses. White, strain A genome; black, strain B genome
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Fig. 2. Flowchart illustrating the steps in a genome-wide search for susceptibility loci for a
complex disease

Positional cloning

In practice, a whole genome search for susceptibility loci for a complex disease
requires at least 200 F2 animals (Fig. 2). Initially, these rats are phenotyped. This
implies assessment of disease outcome, preferably as quantitative as possible.
Besides determining whether the animals are susceptible or resistant to the dis-
ease of interest, this may also include measuring phenotypes which are thought
to be causally related to the disease outcome. In EAE this may be features such as
degree of CNS inflammation or degree of myelin antigen-specific autoimmunity.
For a complex trait in particular, it is valuable to measure more “basic” (less com-
plex) phenotypes which may be involved in the pathogenesis of the disease. Such
phenotypes probably have a simpler genetic regulation than the clinical disease
outcome which will represent the net outcome of a series of genes when the envi-
ronmental trigger is kept constant.
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As the next step, a subset of the F2 animals, i. e. the most susceptible and resis-
tant, are selected for a genome scan. These animals are genotyped with approxi-
mately one marker every 10-20 cM. The genetic distance between adjacent mark-
ers is then determined by the use of a linkage program such as MAPMAKER [31].
The rational for selecting the extreme animals for this initial genome scan is that
for a complex trait, for any disease regulatory gene the extreme individuals are
more likely to have the susceptible or resistant genotype, respectively. Next, all
genotype and phenotype data is analyzed to identify regions linked to disease
susceptibility. If the phenotype is quantitative, computer programs can be used in
this linkage analysis, whereas for qualitative traits chi-square analysis is more
commonly applied for statistical analysis.

In genome regions showing support for linkage to a phenotype in the initial
genome scan, additional animals are genotyped with more markers located close
to the region of interest. The linkage analysis is then repeated.

Due to the multiple independent tests in a genome scan, a very low nominal p-
value is required for genome-wide significance [32]. If such loci are identified,
their further characterization starts with breeding of congenic strains (see the
section “Congenization and Fine-Mapping of Susceptibility Loci”). In contrast, if
at this stage no region shows significant linkage to disease susceptibility, this
means that the influence of individual loci on the disease is too small to be detect-
ed with the available number of animals. Thus, in this case the number of animals
in the study has to be enlarged.

Genetic mapping requires markers covering the genome. The markers cur-
rently employed are microsatellite markers, which are short nucleotide repeats, 1-
6 basepairs long. They are highly polymorphic within the population, i.e. differ-
ent individuals have different numbers of repeats. This length variation can easi-
ly be assessed by polymerase chain reaction (PCR) using microsatellite-specific
primers, followed by electrophoresis. Microsatellites are common in the genome
and the mouse and rat genetic maps contain many thousands of microsatellite
markers [33].

Congenization and Fine-Mapping of Susceptibility Loci. A susceptibility locus for a
complex disease identified by linkage analysis usually extends over several cM.
The first step to be able to study the influence of the locus on the disease in iso-
lation and to fine-map the region is to breed a congenic strain, e.g. move this
genome region from a donor to a recipient strain. This is done by selective back-
crossing of the F1 animals onto one of the parental strains for ten generations fol-
lowed by an intercross [34]. With each crossing, random genomic recombinations
occur. In each generation, the animals are genotyped within the region to check
that the donor allele is preserved, and such animals are used in the further back-
crossing. In addition, with each generation more of the donor genome unlinked
to disease susceptibility is lost (Fig. 1). So-called speed congenic strains can be
obtained by genotyping the background genome and selecting the animal which
has lost most of the alleles from donor strain for further breeding. Hereby, the
number of backcrosses can be reduced [35, 36].
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After having established a congenic strain in this way, a next step is to repeat
extensive phenotypic characterization of the congenic strain in comparison with
the parental strain. Ideally, these studies may give clues to critical steps in the
pathogenesis of the disease and reveal possible candidate genes in the region.

If a discriminatory phenotype remains between the parental and congenic
strain, the congenic region which may extend over 20 cM can be narrowed down
by further breeding. Large crosses between the congenic and parental strain are
established to obtain a number of strains with recombinations within the con-
genic region. By determining the smallest region segregating with disease sus-
ceptibility, the region harboring the susceptibility gene can be reduced to approx-
imately 1 cM (Fig. 3), which in the rat and mouse usually represents more than 1
Mb. This is not precise enough to clone the gene. Therefore, a physical map for the
region, consisting of overlapping YAC and BAC clones must be obtained. The dis-
ease gene can be identified by sequencing the BAC and/or YAC clones and by fur-
ther functional analyses.

Comparative Mapping. Comparative mapping implies definition of genome regions
containing conserved gene orders in different species. In genetic mapping studies
using experimental animals, it serves two purposes: (i) to determine whether the
syntenic or identical human genome region predisposes to the disease and (ii) to
identify candidate genes within the region.

Disease resistant?
Original congenic region  +

Recombinant 1 +
Recombinant 2 +
Recombinant 3 o — ]

»”
= 1 ¢M, harboring the
susceptibility gene

2N

/ \

DNA sequence ggccaaatcgaccaggtttcgegat.....ggcatitgtitgctatggcaatcecccegea

Physical map

Fig. 3. Fine mapping of a genome region linked to disease susceptibility. Recombinant
strains 1 and 2 retain the phenotype of the original congenic strain, therefore the disease
gene must be located within the congenic region shared by these strains. As a first step
towards cloning the disease gene, a physical map for this region is constructed consisting
of a set of overlapping YAC or BAC clones
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The similarity between the human and mouse or rat genomes is best illustrat-
ed by imagining that the human genome has been cut into approximately 100
pieces which have randomly been put together again. Within these regions the
gene order is usually reasonably well conserved. In addition, a number of indi-
vidual genes have been translocated. Comparative maps between the human,
mouse and rat can be found on the Mouse Genome Informatics homepage [37].

Current Knowledge of the MHC and Non-MHC Gene Regulation of EAE

In the following we briefly discuss these matters with focus on the rat species and
our own findings in the field.

MHC Gene influences on EAE

The striking influence of the HLA complex on human organ-specific inflamma-
tory disease represents a strong motif to understand the mechanisms for this
influence in experimental models, by which new avenues for therapeutic inter-
vention may be opened.

Studies on both pathogenetic mechanisms affected by genes in the MHC com-
plex and the exact positioning of these are complicated by a number of special
features of this genome region. The MHC complex is a cluster of many genes, of
which many regulate various aspects of immune responses and inflammation.
Products of some of these genes are functionally linked. Thus if a MHC haplotype
effect on disease is found, there are numerous possible candidates in the region
which theoretically could influence an inflammatory disease such as MS or EAE.
In addition, the genes within the region (not only class I and II genes) are often
highly polymorphic between individuals, probably due to evolutionary pressure;
this complicates guesses on candidate genes which may affect disease. There are
remarkably few recombinations within this region and close-by genes are in
strong linkage dysequilibrium, complicating genetic studies in humans and also
the possibilities to raise rodents with recombinations in the region.

Strategies to study MHC gene influences on EAE have included studies in: (1)
MHC congenic rodents, revealing influences from any of the genes within the
complex of a given haplotype, (2) studies of intra-MHC recombinant strains,
roughly delineating gene influences within the complex, and (3) immunobiologi-
cal/functional studies giving hints for mechanisms of influence. Transgenic
expression of a particular candidate gene in a “knock-in” fashion would provide
formal proof of a disease regulatory gene, as has been done for a class II gene in
collagen-induced arthritis in mice [38], but has so far not been done in EAE.

Historically, the MHC influence on rodent EAE has been documented using
MHC congenic strains, keeping background genes constant and varying the MHC
haplotype in both rats [39] and mice [40, 41]. MHC influences have mostly been
been described as all-or-none phenomena in EAE. This has been the case espe-
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cially when using myelin peptides for immunization. Absence or presence of dis-
ease can then easily be interpreted as absence or presence of binding of the par-
ticular peptide to class II MHC molecules. However, MHC haplotype influences
are apparent also when using whole spinal cord homogenate or full-length myelin
proteins for immunization. Furthermore, the HLA influence is relative in human
MS, i.e. no particular HLA type seems to exclude disease.

We studied MHC haplotype influences on MOG-induced EAE in rats on a con-
stant LEW non-MHC background genome and found that MHC did not exert an
all-or-none effect on disease susceptibility. Instead, it determined the degree of
disease susceptibility, recruitment of MOG-specific immunocompetent cells and
CNS pathology in a hierarchal and allele-specific manner. By varying the intensi-
ty in the immunization protocol, it also was apparent that a minute autoantigenic
challenge was neccesary for induction of disease in the most susceptible MHC
haplotypes. Thus, genes in the MHC complex can regulate the ease by which an
environmental factor triggers disease [26].

It is well accepted that different MHC haplotypes increase the risk for different
organ-specific inflammatory diseases, such as DR2 for MS and DR4 for rheuma-
toid arthritis. A common speculation for this phenomenon is that the disease-rel-
evant target autoantigens are preferentially and differently handled by the anti-
gen-presenting class I or II molecules within the MHC. In rat EAE, it became
apparent that the MHC haplotype not only dictates the afflicted organ, but in
addition the disease relevant myelin autoantigen within this organ. Thus, the RT1.
N MHC haplotype is resistant to MBP-induced EAE, but highly permissive to
MOG-induced EAE. The opposite is the case for the RT1.L haplotype, and the
RT1.AV1 haplotype is myelin antigen promiscuous, being permissive for EAE
induction by MBP, PLP and MOG [26]. This raises questions if different human
HLA types predisposes for MS driven by different myelin autoantigens and if
promiscuity of particular MHC haplotypes in target organ antigen reactivity, for
example allowing intermolecular antigen spreading, could be a reason for predis-
position to autoimmune disease.

Use of intra-MHC recombinant strains between the susceptible RT1. A and
resistant RT1. U haplotype (Table 1) mapped major influences to the class II
region. It will be of great interest to functionally and genetically dissect this MHC
class Il influence on a very MS-like disease. Although nearby genes not are exclud-
ed, a natural speculation for this influence is that polymorphisms in the B or D
molecules may decisively influence MOG peptide binding, in turn regulating
encephalitogenecity of recruited MOG-specific autoreactive T cells. It will be
important to study details in such a regulation; for example, what are the func-
tional characteristics in form of cytokines, chemokines and adhesion molecules
of class II MHC regulated autoreactive T cells that mediate disease, as compared
to those where the class II MHC does allow appearance of MOG-reactive T cells
without disease-inducing capability?

Interestingly, and perhaps expectedly, the intra-MHC recombinant strains
revealed additional allele-specific regulatory influences from the class I and III
regions in MOG-induced EAE [26]. An allele-specific disease-promoting influ-
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ence came from the class I region, perhaps implicating MHC class I-CD8* driven
CNS autoaggressiveness. If so, also this arm of immunity can be considered in
attempts to design selective immunotherapy. The class III region influences are
currently under detailed study in our laboratory.

The mechanisms by which the MHC regulates EAE are thus largely unclear. At
a phenomenological level, we have observed that the MHC haplotype regulates
the functional differentiation of immunocompetent cells in form of the spectrum
of cytokines produced in whole spinal cord-induced EAE. The RT1.AV1 MHC
haplotype on different non-MHC backgrounds is characterized by high produc-
tion of the proinflammatory cytokine interferon-y (IFN-y) in the CNS and
absence of putative disease downmodulatory cytokines such as interleukin-10
(IL-10) and transforming growth factor beta (TGF-P). These rats had relapsing
disease, while other MHC haplotypes with monophasic disease, displayed these
immuno-downmodulatory cytokines in the CNS [42]. The MHC thus seems to
regulate disease course, perhaps by regulating cytokine production.

The complexity in interpretation of MHC influences is somewhat reduced
when using short myelin antigen peptides as immunogens. If anticipating that
any ensuing disease is MHC class II-CD4* mediated, theoretically, the outcome of
such a peptide immunization could depend on the following events: presence or
absence of peptide binding by the B and/or D class Il MHC molecules. Absence of
any peptide binding will prohibit ensuing immune responses, while presence of
binding either may have led to (a) thymic deletion of peptide-specific T cells,
since myelin antigens are present in the thymus, if not mimicking peptides may
have been active, or (b) peripheral activation of peptide autoreactive T cells that
have been positively selected in the thymus. If so, the ensuing immune response
may be functionally harmless, suppressive, or autoaggressive, i.e. encephalito-
genic. To some extent there is experimental evidence for both of these theoretical
possibilities in rat EAE.

We have analyzed the MHC restriction patterns using the two MBP peptides
that have proven encephalitogenic in different rat strains, i. e. MBP 63-88 and 89-
101.In summary, the experiments with MBP 63-88 demonstrate that certain MHC
class II alleles permit a Thl biased autoreactive response and EAE, while other
alleles permit a combined Th1/Th2 autoimmune response and no EAE. In addi-
tion, the MHC class I region can exert protective influences, probably by recruit-
ing peptide-specific CD8" cells producing TGF-f [43]. These influences are pep-
tide-specific since a different set of MHC haplotypes display these forms of regu-
latory responses using the 89-101 peptide [44]. This in turn strongly suggest that
polymorphisms in the MHC class I and II molecules and no other genes are
responsible for these effects, since these are the structures able to discriminate
between peptides.

There is some relation between class II MHC molecule binding of peptides
and ensuing immune response. Using overlapping peptides of MBP, we have
observed that disease-inducing stretches of MBP in general bind well to isolated
B or D molecules, while peptides that have induced Th2 responses bind with
intermediate or low affinity [45]. This conforms to observations in other model
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systems where peptide binding affinity seems to regulate the Th1/Th2 differen-
tiation [46, 47].

Still, despite 30 years of knowledge on MHC influences on autoimmune dis-
ease, we do not understand in detail how this gene region sometime permits a
harmless immune response and in other situations an autoaggressive organ
attack.

Non-MHC Gene Influences on EAE

As in human MS, there is overwhelming evidence demonstrating EAE-regulating
influences from genes outside the MHC complex in mice and rats. In most cases
this has been proven by using animals with the same MHC but differing non-
MHC background genomes, in turn displaying drastically different susceptibility
to EAE.

With the invention of the mapping techniques described above, these regulat-
ing influences has become approachable. As expected with this complex disease,
several genome regions have appeared in different species and strains, and EAE is
thus a polygenic disease as is human MS. The genome regions defined represent
quite long stretches of DNA with numerous genes. Positional cloning work has
started in many laboratories, but so far no single gene has been delineated.
Furthermore, with few exceptions little is known on the regulatory influence of
these regions on basic putative immunological mechanisms important for disease
outcome. Such studies can preferably be made in animals congenic for the regu-
latory fragment. The delay in data on this is probably due to the time-consuming
procedure to raise congenic strains and/or loss of the phenotypic expression of
the influencing gene once a congenic strain has been made.

In the following we shortly summarize findings first in mice, then in rats, and
possible synteny with human disease.

Microsatellite maps were first available for mice, and genome regions influ-
encing mouse EAE were consequently described. The loci have received their
names in order of their descriptions. Since the MHC complex already was known
to influence disease, this region has been termed EAE1.

The first reported gene mapping in mice used B10 RIII mice susceptible to
chronic EAE after immunisation with MBP 89-101 peptide. These were crossed
with MHC identical resistant RIII mice [48]. In this cross EAE2 on mouse chro-
mosome 15 and EAE3 on mouse chromosome 3 displayed significant linkage to
disease. Additional regions were found in crosses of other mouse strains with dif-
fering immunization protocols [49, 50]. Recently, by using a very large cohort of
F2 mice (SJL/JxB10. S/DvTe) several more regions were defined-up to EAE10 [51].
Interestingly, different loci regulated various features of disease such as onset,
severity and duration in different manners.

In rats, the MHC non-MHC contribution to disease has been dissected in a DA
x BN F2 cross [42] and in DA x E3 recombinant inbred rats [52] after immuniza-
tion with whole spinal cord homogenate. In both cases there were non-MHC reg-
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ulatory influences. In the DA x E3 experiments, the non-MHC genes controlled
antigen-induced expression of TGF-p, in turn associated with resistance to EAE.

A large DA xBN F2 cross revealed a major impact of the MHC complex in
which the n haplotype was protective. However, in addition and in epistatic inter-
action with the MHC, a major locus controlling EAE was found on rat chromo-
some 9. This locus was also associated with increased expression of the proin-
flammatory cytokine IFN-y (53).

Use of rat strains with the MHC RT1.AV1 haplotype but differing background
genomes, i. e. DA, LEW AV1, ACI and PVG AV1 showed that the two first strains
were MOG EAE susceptible and the two last resistant [26]. Interestingly, the back-
ground genome regulated the functional differentiation of autoreactive T cells.
Whereas the proliferative response to MOG ex vivo was similar between the
strains, only the disease susceptible strains displayed cells producing significant
amounts of the proinflammatory cytokine IFN-y.

In an F2 cross between MOG EAE susceptible DA rats and less susceptible PVG
AV1 rats, we examined the influence of previously defined arthritis-regulating
loci from the DA rat. Interestingly, the two regions CIA3 and OIA2 on rat chro-
mosome 4 regulated MOG EAE phenotypes. CIA3 had a drastic influence by
strongly regulating survival and also the anti-MOG antibody isotype pattern,
consistent with a disease-promoting Th1 bias of the immune response. OIA2 did
not affect measured clinical phenotypes, but was associated with an antibody iso-
type pattern consistent with a Th2 bias [54].

In an F2 cross between MOG EAE susceptible DA rats and resistant ACI rats,
we have recently found one more seemingly organ-specific disease-regulating
genome region on rat chromosome 18 (I. Dahlman et al., manuscript in prepara-
tion).

Some of the regions described in mice and rats coincide with regard to regula-
tion of different inflammatory diseases. This may either be due to identical poly-
morphic genes regulating the different diseases or to clustering of polymorphic
genes with close functions. The MHC complex can be argued to be such a case. A
similar reasoning can be applied to synteny comparisons done with a series of
human inflammatory diseases [55], where regions found in family studies of dif-
ferent diseases and experimental diseases seem to cluster. A first example of such
synteny comparison suggesting relevance of a rodent susceptibility locus being
relevant for human disease was provided by EAE2 in Finnish MS material [56]. We
have preliminary evidence that 3 out of 3 studied susceptibility regions defined in
rat EAE are relevant for MS.

There is an interesting time ahead, when the gene regions regulating experi-
mental disease can be narrowed down, examined for function and hopefully posi-
tional cloning is achieved. This will require both patience and intense efforts.
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Chapter 23

Genetics of Hereditary Neuropathies

G.L. MANCARDI

Introduction

Hereditary motor and sensory neuropathies (HMSN) have been previously clas-
sified on the basis of clinical course, mode of inheritance and neuropathological
findings [1]. In the past years, considerable advances in the knowledge of this het-
erogeneous group of disorders have been made due to genetic studies demon-
strating that duplication, deletion or mutation of specific genes of the peripheral
myelin are the most common causes of HMSN. The classification of HMSN and of
related disorders, from now forward called with the eponymous Charcot-Marie-
Tooth disease (CMT), is continuously evolving. CMT has a prevalence of 1 case
every 2500 [1] and is divided into CMT1 and CMT2 according to neurophysio-
logic and neuropathologic findings. In fact,in CMT1 the motor nerve conduction
velocity (MNCV) of the median nerve is <38 m/s. Nerve biopsy shows hypertro-
phy of the nerve, demyelination and remyelination of the nerve fibers, and
Schwann cell proliferation around the demyelinated fibers in an “onion bulb”
fashion. In contrast,in CMT2 MNCV is only slightly lowered (> 38 m/s) and sural
nerve biopsy shows signs of primary axonal involvement with minimal signs of
myelin sufferance. CMT1 and CMT2 are usually inherited as dominant disorders
and are clinically indistinguishable. A severe form of CMT called Dejerine-Sottas
syndrome (DSS) has onset in early childhood and a progressive and disabling
clinical course. DSS has been considered in the past as a recessive disorder, but it
is now apparent that the majority of cases are due to a de novo point mutation of
myelin genes. Recessive forms of CMT nevertheless exist and are genetically and
clinically heterogeneous. Complex forms of CMT, in which the peripheral
polyneuropathy is associated with other symptoms, have been known for a long
time, but their pattern of inheritance and the genes involved are still under inves-
tigation. Finally, in CMT group also includes the hereditary neuropathy with lia-
bility to pressure palsies (HNPP), characterized by recurrent episodes of periph-
eral nerve palsies due to mechanical trauma along the course of the nerve. Table
I summarizes the classification of CMT and related disorders, based on recent
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Table 1. Charcot-Marie-Tooth and related disorders

Locus Gene Mechanism
Charcot-Marie-Tooth type 1
CMTI1A 17p11.2 PMP22 Duplication/point mutation
CMT1B 1q22-23 PO Point mutation
CMT1C Unknown  Unknown  Unknown
CMTX Xql13.1 Cx32 Point mutation
Charcot-Marie-Tooth type 2
CMT2A 1p35-p36  Unknown  Unknown
CMT2B 3q13.22 Unknown  Unknown
CMT2C Unknown  Unknown  Unknown
CMT2D 7pl4 Unknown  Unknown
CMT2E 1q22-23 PO Point mutation
Dejerine-Sottas syndrome (DSS)
DSSA 17p11.2 PMP22 Point mutation
DSSB 1q22-23 PO Point mutation
Congenital hypomyelination 1q22-23 PO Point mutation
10q21.1 EGR2 Point mutation

Hereditary neuropathy with liability to pressure palsies (HNPP)

HNPPA
HNPPB

17p11.2
Unknown

Recessive forms of Charcot-Marie-Tooth

CMT4A
CMT4B
CMT4C

Complex forms of CMT

8q
11923
Unknown

Unknown

PMP22
Unknown

Unknown
Unknown
Unknown

Unknown

Deletion/point mutation
Unknown

Unknown
Unknown
Unknown

Unknown

genetic findings. Animal and in vitro models of inherited neuropathies are nec-
essary in order to clarify the pathogenetic mechanism of demyelination.

CMT1

A motor sensory distal symmetrical polyneuropathy with absent deep tendon
reflexes, pes cavus and muscle atrophy involving mainly the leg muscles are the
main clinical features of CMT1, also known in the past with the term “peroneal
muscular atrophy”. The motor disturbances are prevalent, sensory symptoms are
usually mild, and deep tendon reflexes can be diminished only in the upper limbs.
Onset is usually in the first or second decade of life and progression is slow.
Considerable phenotypic variability exists, but in the majority of cases the disease
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is not severely disabling. In some cases the disorder is mild and limited to the
presence of pes cavus and slight weakness in the dorsal flexion of the feet. Usually
CMT!1 is inherited as an autosomal dominant disorder, but some pedigrees have
an X-linked pattern of inheritance. According to the different genetic defects, four
types of CMT1 (CMT1A, CMT1B, CMT1C, CMTX) have been identified.

CMT1A and CMT1B

Neurophysiologic studies show an important reduction of MNCV (<38 m/s).
Neuropathologic examinations of the nerves display demyelination and remyeli-
nation with onion bulbs made of Schwann cells and their processes which, togeth-
er with an increase of collagen, determine the well-known nerve hypertrophy.
CMTI1A was first found to be associated with a duplication in chromosome
17p11.2 of the size of approximately 1.5 Mb [2, 3]. The gene of 22 kDa peripheral
myelin protein (PMP22) maps to this region. It was subsequently demonstrated
that PMP22 is indeed the CMT1A gene [4] and that the presence of three copies of
PMP22 causes the disorder. Duplication of the 17p11.2 region is responsible for
70%-85% of CMT1A, while point mutations of PMP22 cause disease only rarely
(1%) [5]. PMP22, a protein of the peripheral nervous system (PNS), is localized in
the compact part of myelin and accounts for 2%-5% of total myelin proteins. For
many years it has been known that some other cases of CMT1 were linked to the
Duffy locus on chromosome 1. The human myelin PO protein, whose gene maps
to chromosome 1q22-23,is an important component (almost 50%) of the compact
peripheral myelin. Point mutations of the P0 gene are associated with CMT1B [6].
CMTI1B is by far rarer than CMT1A4, accounting for 4% of all CMT]1 cases.

mTIc

Rare cases of CMT with a typical CMT1 phenotype but not associated with either
PMP22 nor PO gene defects are classified as CMT1C, and are due to an unknown
genetic disorder.

MTX

Nearly 10% of all CMT1 cases are characterized by: the absence of male-to-male
transmission; a more severe clinical course in males as compared to females; a rel-
evant lowering of MNCV in males (between 18 and 40 m/s); and slight neurophys-
iologic changes in females (MNCV between 25 and 61 m/s). The neuropathology
of CMTX differs from that of CMT1A and 1B and is mainly characterized by axon-
al changes, atrophy and clusters of axonal regeneration, and minimal signs of de-
remyelination. CMTX is due to point mutations in the connexin-32 (Cx32) gene,
which encodes a major component of non-compact myelin at the nodes of Ranvier
and Schmidt-Lanterman incisures [7]. Cx32 is a constituent of gap junction chan-
nels through which ions and nutrients are transferred across the myelin sheath. A
large number of different Cx32 mutations have been detected in CMTX families.
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CMT2

This form of CMT is an axonal polyneuropathy with only slight lowering of
MNCV (>38 m/s in the median nerve) and signs of axonal atrophy and axonal
regeneration at nerve biopsy. Is inherited as an autosomal dominant disorder.
The onset is later than that of CMT]I, in the second or third decade of life, but
clinical findings and clinical course are usually indistinguishable from those of
CMT1. CMT?2 is genetically heterogeneous, and in some pedigrees linkage has
been found with chromosome 1p35-p36 (CMT2A) [8], chromosome 3q13.22
(CMT2B) [9], or chromosome 7p14 (CMT2D) [10]. In some cases CMT?2 is asso-
ciated with paralysis of the diaphragm and vocal cords (CMT2C), but in these
cases no convincing linkage has been found until now. Recently, patients with a
CMT2 phenotype and a mutation in the PO gene have been reported [11], indi-
cating that changes in the myelin sheath can be followed by axonal sufferance
and atrophy.

DSS

Dejerine-Sottas syndrome (DSS) is a hypertrophic, demyelinating polyneuropathy
with early onset and severe disabling clinical course. MNCV is markedly lowered
(usually below 12 m/s), and SNCV is usually not detectable at all. Nerve biopsy
shows a profound loss of myelinated fibers and diffuse “onion bulb”, hypertrophic
changes of Schwann cells. Occasionally, onion bulbs around demyelinated axons
are made only by concentric layers of basal lamina. The majority of DSS cases are
sporadic; in the past it was thought that this disorder was autosomal recessive.
Recently DSS has been associated with point mutations in either the PMP22 gene
(DSSA) [12] or the PO gene (DSSB) [13]. Since most of the mutations described so
far in DSS are present in the heterozygous state, the disease is probably caused by
dominantly acting genetic defects. There are even more severe cases, where the
majority of axons are completely devoid of myelin or only surrounded by a thin
myelin sheath, with a complete absence of fully developed myelinated fibers. These
forms, now classified as “congenital hypomyelination”, have onset in the first
months of life, usually have a very disabling clinical course and, in some cases, lead
to premature death. Point mutations in the PO gene [14] or a dominant mutation
of the early growth response 2 (EGR) gene [15] have been implicated.

HNPP

Hereditary neuropathy with liability to pressure palsies (HNPP) is inherited as an
autosomal dominant trait and is characterized by recurring episodic peri-pheral
nerve palsies due to mechanical compression of the nerve trunks.
Electrophysiological studies show nerve conduction slowing more evident at
common entrapment sites; a variable number of “sausage-like” thickenings of the
myelin sheath (tomacula), with a near normal number of myelinated fibers is
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observed in the sural nerve. Some variability in clinical and neurophysiological
phenotype has been observed, and patients with a progressive sensory-motor
neuropathy and the typical genetic features of HNPP have been described [16].
HNPP is commonly associated with deletion on chromosome 17p11.2 involving
the same interval that is duplicated in CMT1A [17], although cases without dele-
tion have been described [18]. Since only one copy of the PMP22 gene is present
in HNPP patients, a gene dosage mechanism has been proposed as the most like-
ly pathogenetic factor causing the disease.

CMT4

Autosomal recessive CMT cases, also called CMT4, are uncommon, although sev-
eral pedigrees have been described. The recessive forms of CMT usually have an
early onset and a more severe clinical course compared to the dominant forms.
CMTH4A often has delayed milestones, marked muscular distal atrophy rapidly
progressing to the proximal parts of the legs and arms, mild sensory loss, and
skeletal deformities and scoliosis. Patients become severely disabled by the end of
the first or second decade of life. MNCV is lowered (<38 m/s) and sural nerve
biopsy shows diffuse hypomyelination of the nerve fibers. Linkage with chromo-
some 8q has been demonstrated in Tunisian families [19]. CMT4B is character-
ized by a severe decrease of MNCV and by the presence at nerve biopsy of myelin
outfoldings, with redundant loops and foldings of myelin at internodes [20].
Outfolding of myelin is also observed in CMT1A, but in CMT4B this change is dif-
fused to the majority of myelinated fibers [21]. A linkage to chromosome 1123
has been demonstrated in a large family [22], but probably this disorder is het-
erogeneous because this linkage was excluded in other pedigrees. CMT4C is
mainly an axonal disorder with preserved MNCV and absence of changes of
myelinated fibers at nerve biopsy.

Complex Forms of CMT

CMT has been associated with other clinical features, such as optic atrophy [23],
pigmentary retinal degeneration [24], deafness [25], optic atrophy and deafness
[26], deafness and mental retardation [27], and deafness, mental retardation and
the absence of large myelinated fibers [28]. In all these cases the genetic defects
are unknown.

CMT and Myelin Genes

In the PNS, myelin is made up by Schwann cells which initially surround and subse-
quently spiral axons, forming a multilamellar structure. Nerve myelin is composed
of lipids and proteins specific for the compact and non-compact regions. Compact
myelin proteins are PMP22, PO and MBP, whereas non-compact myelin, present near
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the nodes of Ranvier and at the incisures of Schmidt-Lanterman, contains myelin-
associated glycoprotein (MAG), Cx32, E-cadherin, and a6B4 integrin [29].

PMP22 is a 22 kDa glycoprotein expressed in the compact region of peripher-
al myelin, accounting for only 2%-5% of total myelin proteins. The function of
PMP22 is not completely known but it probably has a dual role, as a protein
favoring Schwann cell growth and also as a structural adhesive component of the
myelin sheath. Duplication of PMP22 gene causes CMT1A, while deletion of
PMP22 gene causes HNPP. The 1.5 Mb duplication or deletion in chromosome
17p11.2 containing the PMP22 gene is caused by unequal crossing over during
meiosis, facilitated by the presence of two homologous regions with a low copy
number of repeat sequences (CMT1A-REP repeat) that flank the proximal and
distal duplication or deletion breakpoint regions [30]. Points mutations of
PMP22 can also result in CMT1A, but the phenotypic manifestation of some mis-
sense or nonsense mutations in the PMP22 gene can also be HNPP or DSS. It is
still unclear why different mutations in the same gene cause different syn-
dromes. Because the PMP22 gene is present in three copies in CMT1A and in one
copy in HNPP, gene dosage is proposed as the mechanism underlying both dis-
orders. In fact in CMT1A and HNPP, an increase or an underexpression of
PMP22 or its mRNA has been demonstrated [31-33], but the results are not
straightforward in all cases. Probably the overexpression or underexpression of
PMP22 determines a gain or loss of function of the PMP22 protein, which in
turns destabilizes the myelin sheath structure, leading demyelination or the for-
mation of tomacula.

PO is a glycoprotein belonging to the immunoglobulin superfamily, accounting
for 50%-60% of the total proteins of the peripheral nerve myelin. It is organized
in tetramers which form a functional unit interacting with that of the opposing
membrane, settling the tight apposition of Schwann cell membranes and main-
taining the compactness of myelin [29]. Mutations of the PO gene can determine
different phenotypes, from mild cases of CMT1B to severe cases of DSS. More
than 30 different mutations have been described so far, and according to the site
of mutation different clinical symptoms can appear. In some cases there is prob-
ably only a partial loss of function of the protein and the clinical phenotype is
mild; in other cases the loss of function can be complete or the mutated PO gene
can have an additive toxic effect, also involving the interaction with other proteins
of the myelin sheath. In rare cases the dominant negative effect of the mutated PO
can be so intense to determine an almost complete impairment of the process of
myelination.

Cx32,a member of the connexin family, is a constituent of gap junctions which
links close surfaces of the Schwann cell membrane in non-compacted myelin of
the paranodal region or in the Schmidt-Lanterman incisures. The connexins are
organized in hexamers (connexons), which associate with connexons of the
opposing cell membrane, thereby forming a pore through which small molecules
and ions can diffuse directly across the myelin sheath and reducing the diffusion
distance by 1000-fold as compared to the circumferential pathway [34]. Mutation
of the Cx32 gene has been identified as the cause of a dominantly inherited form
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of CMTX. More than 90 different mutations have been identified, some of which
are missense or nonsense mutations. However, similarly to other myelin proteins,
there is no clear relationship between the location of mutation and the clinical
phenotype.

Animal and In Vitro Models of CMT

Rats or mice overexpressing PMP22 have been generated by injecting fertilized
rat or mouse oocytes with the PMP22 gene [35]. These animals showed the clini-
cal and electrophysiologic signs of peripheral polyneuropathy and pathological
evidence of chronic demyelination with onion bulb formation. In some cases,
especially in rats overexpressing many copies of PMP22, the loss of myelin is par-
ticularly severe. PMP22 deficient mice, PO deficient mice, and Cx32 null mice have
also been generated [36]. The peripheral neuropathies obtained, although differ-
ent from the human cases in some respect, are of main importance to study the
pathophysiological mechanisms of CMT. More recently, in vitro models for the
study of CMT have been developed utilizing long-term organotypic cultures of
dorsal root ganglia from transgenic rat models of CMT1A. Signs of demyelination
became apparent after 3-4 weeks of culture, suggesting that this in vitro model
system is suitable for studying the biologic role of myelin proteins and the patho-
genetic mechanisms underlying this group of inherited disorders.
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Chapter 24

Immunopathogenetic Role of Anti-Neural Antibodies
in Demyelinating Dysimmune Neuropathies

E. NOBILE-ORAZIO, M. CARPO

Introduction

Since the original reports by Latov et al. [1] of a patient with a demyelinating neu-
ropathy and IgM antibodies to the myelin-associated glycoprotein [2], antibodies
to several other neural antigens have been reported in patients with different
forms of dysimmune neuropathies (Table 1). The identification of these reactivi-
ties in patients with definite neuropathy syndromes did not only introduce a use-
ful tool in the diagnosis of neuropathies but also cast new light on the
immunopathogenetic mechanisms involved. In this chapter, we review evidence
supporting possible pathogenetic roles for some of the frequently reported anti-
body reactivities in demyelinating neuropathies.

Anti-MAG IgM Antibodies

Myelin-associated glycoprotein (MAG), a minor constituent of myelin mem-
branes of the central nervous system (CNS) and peripheral nervous system
(PNS), is of the approximate molecular mass of 100 kDa [3,4]. MAG is mostly con-
centrated in the periaxonal region and other uncompacted regions of PNS myelin
including Schmidt-Lanterman incisures, lateral loops and outer mesaxon, where
it probably plays an important role in maintaining glial-axonal interactions [4].
High titers of anti-MAG IgM antibodies have been reported in approximately
50% of patients with neuropathy associated with IgM monoclonal gammopathy
[2,5-8].In these patients IgM reacting with MAG have the same ligth chain of the
M-protein. This reactivity is directed against the same carbohydrate moiety of
MAG that serves as the epitope for HNK-1/L2 monoclonal antibody [9]. This epi-
tope is also present in other glycoconjugates in nerve including the myelin gly-
coproteins PO and PMP22 [10, 11], and the glycosphingolipids sulfoglucuronyl
paragloboside (SGPG) and sulfoglucuronyl lactosaminyl paragloboside (SGLPG)
[12]. IgM reactivity with MAG is often associated with IgM monoclonal gam-
mopathy of undetermined significance (MGUS), but may be also found in
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patients with Waldenstrém macroglobulinemia (MW) and, occasionally, with

lymphoma (7, 8, 13].

There is considerable evidence that the neuropathy in these patients is an
autoimmune disease caused by binding of anti-MAG IgM antibodies to one or
more glycoconjugates in nerve bearing the HNK-1/12 epitope [2, 14]:

1. Even if anti-MAG antibodies may be found at low titers in neurological con-
trols and probably represent a common constituent of the human antibody
repertoire [7], high titers of these antibodies (>1/6400 by immunoblot in our
laboratory) are almost invariably found in cases of neuropathy associated with
IgM monoclonal gammopathy. We recently reviewed the clinical reports of
over 700 patients with different forms of neuropathy tested in our laboratory
for anti-MAG antibodies and found that 95% of patients with high titers of
anti-MAG IgM had neuropathy associated with IgM monoclonal gammopathy.
Furthermore, most of the patients with high antibody titers but no neuropathy
symptoms had subclinical neuropathy [7, 8] that later became clinically mani-
fest [15]. In other patients with neuropathy, the finding of anti-MAG antibod-
ies led to the discovery of a previously unrecognized or otherwise undetectable
IgM M-protein [7, 16]. Even if the lack of correlation between anti-MAG anti-
body titers and the severity of neuropathy among different individuals may
argue against a possible pathogenetic role of these antibodies [17], this dis-
crepancy is not unusual in autoimmune diseases and may reflect different fine
antibody specificities [18, 19] or affinities [20] for the antigen in vitro than in
vivo.

2. The neuropathy in patients with high anti-MAG IgM antibodies is quite homo-
geneous. The majority of affected patients are men presenting their first neu-
ropathy symptoms in the sixth or seventh decade of life [2, 14}. The neuropa-
thy usually runs a slowly progressive course [21, 22] with predominantly deep
sensory involvement, gait ataxia and postural tremor in the upper limbs [2, 8,
14]. Motor impairment is usually less prominent and often appears later.
Electrophysiological [8, 23] and morphological [24, 25] studies are consistent
with a demyelinating neuropathy with the presence, by ultrastructural exami-
nation, of widely spaced myelin lamellae [24], found in over 90% of examined
patients [26].

3. Deposits of IgM [6, 24, 27} and complement [28,29] around the myelin sheaths
of peripheral nerves, i.e. the presumed target organ of the immune response,
were detected by direct immunofluorescence or immunohistochemistry in
over 95% of patients with neuropathy associated with anti-MAG IgM mono-
clonal gammopathy [8].

4. With only few exceptions [30-32], therapeutical reduction of anti-MAG IgM
levels in these patients, although difficult to achieve even using several
immunosuppressive agents (e.g. prednisone, plasma exchange, cytotoxic
agents, high-dose intravenous immunoglobulin (IVIg) and fludarabine) was
associated with clinical improvement [1, 33-35].

5. Experimental demyelination of nerve has been induced in animals by intra-
neural or systemic injection of serum containing anti-MAG IgM antibodies. In
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earlier studies, injections of anti-MAG IgM antibodies in feline nerves caused
demyelination only when added with fresh complement [36, 37], suggesting
that antibodies caused demyelination by complement fixation. Demyelination
of nerve with prominent widening of myelin lamellae was also obtained, how-
ever, in chickens by systemic injection of purified anti-MAG IgM without com-
plement [38]. These results led to the hypothesis that antibodies may inhibit
myelin turnover or alter the normal periodicity of myelin by separating or
impeding the fusion of apposing leaflets of intraperiod lines. Such a mecha-
nism may explain the slow progression of neuropathy in these patients. It was
not, however, investigated in this study whether human IgM was able to acti-
vate chicken complement. More recently Monaco et al. [39] induced demyelina-
tion with widely spaced myelin lamellae in rabbit nerve by intraneural injec-
tion of either anti-MAG IgM or the terminal complement complex (TCC). They
also demonstrated that in nerves treated with anti-MAG IgM, the abnormali-
ties were concurrent with activation of the rabbit’s own complement to the for-
mation of TCC. This finding, together with the lack of effect of anti-MAG IgM
in C6-deficient rabbits and the correlation in nerve biopsies between the num-
ber of fibers with widened myelin lamellae and that of fibers showing TCC
deposits [29], seems to confirm the possible effector role of complement in the
demyelination induced by anti-MAG IgM.

Although the pathogenetic mechanisms of the neuropathy in patients with
anti-MAG IgM have been, at least in part, elucidated, little is known about what
causes IgM monoclonal gammopathy and why its immune reactivity is fre-
quently directed at the same or closely related MAG epitopes. Low levels of
anti-MAG IgM antibodies are found in approximately 20% of controls with and
without circulating M-protein, including some normal subjects [7]. B cells
capable of secreting anti-MAG antibodies are present at birth [40], indicating
that these antibodies may be a common constituent of the human antibody
repertoire [41]. It is therefore possible that anti-MAG M-proteins derive from
monoclonal expansion of normally occurring anti-MAG IgM secreting clones,
as has been postulated for other M-proteins with autoantibody activity [41,
42]. The reason for this expansion is not known. Monoclonal expansion may
be caused by transformations or mutations of anti-MAG-secreting B cell clones
that disrupt normal regulatory interactions or by activation of regulatory T
cells, possibly induced by self or foreign antigens bearing similar carbohydrate
epitopes [43]. Anti-MAG M-protein secretion in vitro is subjected to T cell reg-
ulation [44, 45] and anti-idiotypic antibodies to the M-protein have been
demonstrated in some patients [46, 47], suggesting that anti-MAG M-protein
secretion, although abnormally increased, is somehow regulated. This is indi-
cated by the fact that in most patients, anti-MAG M-protein levels are stable for
years and rapidly return to their original level when treatment directed at their
reduction is suspended. Whether these antibodies may also have a regulatory
role on the immune system [48] is not known. However, this possibility may
prompt some cautions on the risks of therapies directed at reducing M-protein
levels in these patients.
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Anti-Sulfatide IgM Antibodies

Sulfatide (galatosylceramide-3-O-sulfate) is the major acidic glycosphingolipid in
central and peripheral nerve myelin where its concentration is about 100-times
higher than that of any ganglioside [49].

After the initial report of Pestronk et al. [50], more than 50 patients with neu-
ropathy and high anti-sulfatide IgM antibodies have been reported, half of whom
had IgM monoclonal gammopathy {8, 51-55]. Even if only few studies have so far
been devoted to this reactivity, some data favor a possible pathogenetic role of
these antibodies in the neuropathy.

As in the case of anti-MAG IgM antibodies, low titers of anti-sulfatide anti-
bodies (up to 1/8,000 by ELISA in our laboratory) may be found in several neu-
rological diseases and in controls, while high titers (>1/8,000) are almost invari-
ably associated with neuropathy (see below). Chronic progressive, predominantly
sensory axonal neuropathy often presenting with painful paresthesias has been
initially associated with this reactivity [50-53], while subsequently reported
patients had sensorimotor demyelinating neuropathy with prominent limb weak-
ness and gait ataxia [8, 54, 55]. In a review of the clinical and electrophysiological
features of almost 600 patients referred to our laboratory for anti-sulfatide anti-
body testing, we found high antibody titers (>1/8,000 by ELISA) in only 11
patients, all with chronic demyelinating sensorimotor neuropathy. In 7 of these
cases, there was associated IgM monoclonal gammopathy (6% of patients with
neuropathy associated with IgM monoclonal gammopathy).

Morphological studies on sural nerve biopsy in some of these patients showed
abnormally spaced myelin lamellae with myelin deposits of the M-protein and
complement by direct immunofluorescence [8, 55]. The high concentration of sul-
fatide in myelin as well as the close correlation between the number of fibers with
abnormally spaced myelin lamellae and that of fibers with deposits of the termi-
nal cytolytic complex of complement in one patient (patient 6 in [29]), support
the hypothesis that, at least in some patients, myelin can be the target for these
antibodies. Myelin deposits of IgM were not found in other patients, but in these
patients IgM bound to dorsal root ganglia [51, 52], possibly revealing a different
site of attack for the antibodies. It is unclear however whether these differences
reflect different antibody specificities, the concomitant presence in some patients
of other serum IgM reactivities [8, 50-53], or the use of different methods or ref-
erence values for these antibodies.

Even if the number of patients so far reported with this reactivity is relatively
small, the clinical improvement observed in some patients concomitant to the
therapeutical reduction of serum IgM levels (unpublished observations) as well
as preliminary experimental studies showing that demyelination of nerve can
been induced in animals by intraneural injection of human anti-sulfatide IgM
antibodies (S. Monaco, personal communication) support the hypothesis that
these antibodies, although infrequent, may have a pathogenetic role in human
neuropathies.
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Anti-Ganglioside Antibodies

Gangliosides are sialic acid-containing glycosphingolipids that are particularly
abundant in neural membranes in the CNS and PNS where they represent about
10% of the total lipid content [56]. IgM reactivity with the ganglioside GM1 was
initially [57] reported in a patient with lower motor neuron disease (MND); it was
subsequently associated with multifocal motor neuropathy (MMN) [58] in a pro-
portion of patients ranging from 20% [59] to over 80% [60], according to different
laboratories and technique used. These antibodies are not specific for MMN but
may be also found in Guillain-Barré syndrome (GBS) (see below), in other chron-
ic neuropathies [61, 62], and occasionally, in MND [63-65]. However, a recent
meta-analysis confirmed that anti-GM1 IgM can help distinguish MMN from
other lower motor neuron syndromes [66]. We reached similar conclusions by
reviewing a series of over 700 patients with different neuropathies or motor neu-
ron syndromes referred to our laboratory since 1991 for anti-GM1 IgM antibody
testing. High anti-GM1 IgM titers (>1/320 by ELISA) were highly predictive for
dysimmune neuropathies, diagnosed in over 80% of positive patients, but were
not specifically associated with MMN, where they were found in 20% of patients.
These results support the opinion that anti-GM1 IgM may help to individuate
patients with motor neuropathy syndromes susceptible to immune therapies.

The pathogenetic role of these antibodies remains unclear [64, 67, 68]. As al-
ready mentioned, high levels of serum anti-GM1 IgM antibodies are frequently
found in MMN patients, some of whom improved after therapeutic reduction of
antibody levels [58, 69]. There is however a consistent proportion of MMN
patients, some of whom also respond to immunological treatments [70-73], not
bearing high anti-ganglioside antibodies. On the other hand, increased anti-GM1
levels have also been found in other dysimmune neuropathies and, occasionally
in MND. No definite correlation between the different clinical syndromes and the
fine specificity of these antibodies has been so far convincingly demonstrated [64,
68], leaving it unclear how similar antibodies may cause different diseases. IgM
deposits have been detected at the level of the nodes of Ranvier in the sural nerve
of an MND patient with multifocal motor conduction block (CB). High anti-GM1
titers [74] and focal CB have been experimentally induced in vivo [75, 76] and in
vitro [77] by intraneural injection or exposure to sera from patients with high
anti-GM1 antibodies and MMN but not lower MND [76]. The latter results were
not, however, confirmed using the purified anti-GM1 antibodies [78]. More
recently, a similar blocking effect on mouse distal motor nerve conduction has
been induced in vitro with sera from MMN patients with and without high anti-
GM1 antibodies [79], suggesting that either current tests for anti-GM1 antibodies
are not sensitive enough or that serum components or antibodies other than anti-
GM1 antibodies might be responsible for CB in MMN. These antibodies may
therefore represent a reliable marker of an ongoing immune response, whose pri-
mary antigenic target is not known but probably differs in the different diseases.
Although probably not primarily pathogenetic, anti-GM1 IgM may help individ-
uate patients susceptible to immune therapies.
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More recently, high titers of anti-GM1 IgG antibodies have been reported in
20%-30% of patients with GBS [80-84]. A close association between these anti-
bodies and an antecedent Campylobacter jejuni (CJ) infection has also been
reported [80-85]. In our series of 113 patients with GBS, we found anti-GM1 IgG
antibodies in only 12%. These patients represented, however, more than 80% of all
anti-GM1 IgG-positive patients, indicating that these antibodies are highly pre-
dictive for GBS. The initially reported association of this reactivity with a severe,
predominantly motor, axonal form of GBS with poor prognosis [81, 82, 84] was not
subsequently confirmed [80, 83] and seems to be more related to an antecedent CJ
infection than to anti-GM1 antibodies [85]. Also in these patients the spontaneous
or therapeutical reduction of antibody titers most often correlated with clinical
improvement [81, 84], supporting a possible pathogenetic role of anti-GM1 IgG
antibodies in GBS even if further studies are necessary to confirm this hypothesis.

High titers of IgG antibodies to GQ1b have been reported in up to 100% of
patients with Miller Fisher syndrome (MFS) [86-89] as well as in some patients
with other acute diseases characterized by oculomotor impairment including
GBS with ophthalmoplegia, Bickerstaff’s brain stem encephalitis, or acute oph-
thalmoparesis [87, 89-91]. Even if the incidence of MFS and other diseases asso-
ciated with anti-GQ1b IgG antibodies is apparently low (5% of GBS) [92], the high
specificity of these antibodies and their almost constant presence in MFS indicate
that they are a useful test in the diagnosis of MES. The possible pathogenetic rel-
evance of these antibodies is supported by the fact that their close association
with diseases characterized by oculomotor impairment correlates with the abun-
dant expression of GQ1b in the extramedullary portion of the oculomotor nerves
[87]. This finding, together with the decrease of anti-GQlb antibodies during
clinical improvement [86, 87, 93, 94] and the recent observations that these anti-
bodies may interfere with [95] or block the neuromuscular transmission in vitro
[96] all point to a pathogenetic role of these antibodies.

High titers of IgM antibodies to GQ1b and other disialosyl gangliosides have
been reported in some patients with chronic, predominantly sensory or sensori-
motor, mostly demyelinating neuropathies associated with IgM monoclonal gam-
mopathy [89, 97-102]. In all these patients, anti-GQ1b IgM antibodies also bound
to other gangliosides containing a disialosyl residue including GD3, GD1b and
GT1b. However, IgM deposits were not detected in sural nerve biopsies leaving
unclear the possible pathogenetic role of these antibodies in the neuropathy.
Nonetheless, the frequent correlation of this uncommon reactivity (2% in our
series of over 100 patients with neuropathy associated with IgM monoclonal gam-
mopathy) with definite clinical syndrome makes it unlikely that this association is
merely casual.

High titers of serum IgG antibodies to the ganglioside GD1a have been report-
ed in a small proportion of patients with GBS [103, 104], while high titers of anti-
GDla IgM antibodies have been reported in patients with a chronic, mostly
demyelinating, motor neuropathy associated with IgM monoclonal gammopathy
[104, 105]. We found moderately high anti-GDla titers in patients with MND and
other immunological diseases [104], a finding that is probably devoid of patho-
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genetic or diagnostic relevance. On the other hand, high antibody titers (>1/5120
by ELISA) always correlated with dysimmune neuropathies including GBS for IgG
antibodies (3% of GBS patients), and chronic demyelinating motor neuropathy
associated with IgM monoclonal gammopathy for IgM (3% of these patients). As
also reported for anti-GM1 antibodies, anti-GD1a IgG antibodies have been initial-
ly associated with a severe axonal form of GBS [103], but this association was not
always observed [104]. Even if in both GBS and motor neuropathy patients the ther-
apeutical reduction of anti-GD1a antibodies was associated with clinical improve-
ment [103,104] supporting their pathogenetic role in the neuropathy, in none of the
patients so far reported were deposits of antibodies detected in sural nerve biopsy
so that the pathogenetic role of this reactivity remains to be elucidated.
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Chapter 25

Treatment of Inflammatory Demyelinating Polyneuropathy

G. Cowmi, L. ROVERI

Introduction

The management of acute and chronic inflammatory demyelinating polyneu-
ropathy (Guillain-Barre syndrome (GBS) and chronic inflammatory demyelinat-
ing polyradiculoneuropathy (CIDP)) will be the main topic of this chapter. A few
comments will also be made about treatment of the demyelinating form of para-
proteinaemic demyelinating polyneuropathy (PDN) and of multifocal motor neu-
ropathy (MMN). We will briefly describe the main characteristics of these neu-
ropaties and examines case series and trials which evaluated the principal thera-
peutic strategies for GBS, CIDP, PDN and MMN, such as intravenous
immunoglobulin therapy (IVIg), steroid treatment, plasma exchange, and
immunosuppressor administration. Controlled trials demonstrated that 1VIg,
steroid treatment and plasma exchange are effective in GBS and CIDP. For PDN,
the therapeutic strategies are the same as for idiopathic CIDP, but usually the clin-
ical response is poorer. For MMN, IVIg are definitely the first choice treatment.

Guillain-Barré Syndrome

Guillain-Barre syndrome (GBS) is an inflammatory demyelinating disorder of the
peripheral nervous system resulting from an abnormal immune response direct-
ed against components of peripheral nerve. The syndrome is characterised by
rapidly evolving symmetrical limb weakness, loss of tendon reflexes, absent or
mild sensory signs, and variable autonomic dysfunctions. The condition occurs
world wide and has became the leading cause of acute neuromuscular paralysis
affecting patients of all ages and both sexes with an incidence rate of 0.4-2.4 cases
per 100 000. A quarter of all patients require artificial ventilation, 10% die as a
result of complications of the disease, and 10% are left with such severe disabili-
ty that they cannot walk unaided a year later [1-3]. Mortality is about 5%-8% (4],
the most common causes of death being sepsis, pulmonary embolism, myocardial

Department of Clinical Neurophysiology, University of Milan, San Raffaele Scientific
Institute, Via Olgettina 60 - 20132 Milan, Italy. e-mail: g.comi@hsr.it



288 G. Comi, L. Roveri.

infarction and arrhythmias due to autonomic neuropathy. Although GBS has an
appreciable morbility and mortality, about 80% of patients make a good recovery.
The most reliable indicators for significant residual disability at 12 months from
onset include older age, severely reduced compound muscle action potentials
(CMAPs), prolonged ventilation (>1 month), and rapid progression or quadri-
paresis in less than 1 week [1, 4]. Prognosis is better in children [5]. Utmost vigi-
lance and anticipation of potential complications are necessary to optimise the
chances of a favourable outcome. An epidemiological survey of 79 GBS patients
showed that 62% had made a complete recovery 1 year later, 17% were unable to
run, and 9% were unable to walk unaided. In this series 8 patients (8%) died and
3 patients remained bedridden or ventilator-dependent at 1 year; all 13 patients
were over 60 years of age [6].

Approximately two-thirds of all cases are preceded by an infection, which is
most commonly mild and affects the upper respiratory or gastrointestinal tracts.
Alarge number of organisms have been described in association with subsequent
GBS, but the most common are Campylobacter jejuni [7-10], Mycoplasma pneu-
moniae [11], cytomegalovirus [12-15], Epstain-Barr virus [13, 16], HIV [17, 18],
and HVC [19]. Most surveys show a slight peak in late adolescence and young
adulthood, coinciding with an increased risk of infections with cytomegalovirus
and Campylobacter jejuni, and a second peak in the elderly [14, 20, 21]. In addi-
tion to infections, a variety of other antecedent events such as surgery and malig-
nancies, particularly Hodgkin’s disease and other lymphomas, have been put for-
ward as possible triggers. However, the link with GBS is not established and
remains anecdotal. Several case reports or small series have linked GBS to vacci-
nation on the grounds of a mere temporal association, but no causal relation has
been established. Most currently used vaccines do not seem to be associated with
any increased risk [22-26]. Nevertheless, there is no doubt that rabies vaccines
carry an increased risk of inducing GBS, probably because of contamination with
myelin antigens [27, 28]. There have been several reports of GBS occurring in
association with certain drugs, although the infrequency of the association and
the lack of pathological material in such cases shed doubt on any real patho-
geni involvement. Drugs that have been reported in association with GBS include
streptokinase [29], captopril [30], danazol [31], and intravenous heroine [32].

Although the pathogenesis of GBS remains incompletely defined, there is
increasing support for the concept that GBS results from an aberrant organospe-
cific immune response rather than a direct effect of the infecting agent [33]. The
more attractive hypothesis is that an infectious agent induces an immune
response that is cell-mediated or humoral, or a combination of the two [34, 35].
The salient pathological findings are lymphocytic infiltrates in spinal roots and
peripheral nerves, with subsequent macrophage-mediated segmental stripping of
myelin [36, 37].

The onset of neuropathic symptoms may occur acutely (within days) or suba-
cutely (up to 4 weeks) and reaches a plateau, with subsequent resolution of paral-
ysis. GBS typically begins with paraesthesiae at the tips of the fingers and toes.
Sensory symptoms may then gradually ascend and are often out of proportion to
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any signs that may be elicited. Pain is a rather common presenting complaint and
usually occurs in the shoulders, thighs or lumbar region. Radiation of lower back
pain into the buttocks and legs may give rise to an initial diagnosis of lum-
bosacral nerve root compression, but weakness is much more prominent and are-
flexia is not limited to the ankle jerks. The pain is probably due to a radiculoneu-
ritis and may be severe but responsive to conventional analgesics. For these rea-
sons GBS may initially be mistaken for an acute musculoskeletal problem. One of
the 2 features required for the diagnosis is progressive weakness of all 4 limbs.
This is characteristically ascending and relatively symmetrical. It may be pre-
dominantly proximal, predominantly distal or equally proximal and distal.
Hyporeflexia or areflexia is the other feature required for the diagnosis of GBS,
although reflexes may be preserved in the first few days of the illness. The diag-
nosis of GBS is a clinical one and relies on history of symmetrical weakness and
areflexia. The two most helpful investigations in GBS are cerebrospinal fluid
(CSF) examination and nerve conduction studies. Examination of CSF reveals the
phenomenon of albumino-cytological dissociation [38], whereby the CSF protein
is elevated without a concomitant CSF pleocytosis. This occurs in about 90% of
patients, although the protein is often normal in the first week. A raised CSF white
cell count (>10/pl) is unusual and is suggestive of HIV infection in which GBS
may occur as part of a seroconversion illness. Nerve conduction studies are the
most sensitive and specific, and abnormalities in these tests occur earlier than
elevated CSF protein. The characteristic electrophysiological feature is conduc-
tion block whereby there is a significant decrement in the CMAP amplitude on
proximal nerve stimulation compared with distal nerve stimulation. In addition,
F waves that reflect proximal nerve root conduction may be delayed or absent
even when all other conduction parameters are normal.

Other forms of GBS occur but are rare and include an acute motor-sensory
axonal neuropathy leading to axonal degeneration [37, 39-43]. Another variant
form of GBS is the Miller Fisher syndrome (MFS) which has distinct immunolog-
ical and pathological features. About 90% of MFS cases have a characteristic pat-
tern of antibodies to GQ,, ganglioside [44, 45]. The antibodies recognise epitopes
that are expressed specifically in the nodal regions of oculomotor nerves, and also
in dorsal-roots ganglion cells and cerebellar neurones [46, 47]. This pattern cor-
responds with the clinical feature of ophthalmoplegia, ataxia and areflexia.
Treatment of GBS is aimed at suppressing the immune response, thereby prevent-
ing further damage to the peripheral nerves, allowing remyelination and hence
restoring nerve conduction.

General Treatment

Patients with GBS need to be admitted to hospital for careful observation in order
to anticipate potential complications that may occur in the acute phase of the dis-
ease. Particular attention must be paid to: cardiorespiratory function by means of
online cardiac monitoring and serial assessment of the ventilatory reserve; pre-
vention of thromboembolic complications; appropriate bowel care, pain and
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infection management; and prevention of complication due to prolonged immo-
bility. During the plateau phase, physiotherapy is essential to prevent contractures
and to facilitate recovery of motor function. Psychological support is important to
help patient and family to cope with this frightening and frustrating illness.

Plasma Exchange

In the mid-1980s, three large clinical trials, randomised and controlled but
unmasked in design, independently demonstrated significant beneficial effect on
the rate of recovery from several therapeutic plasma exchange (PEs) when begun
in the first 2 weeks of disease. In the North American trial of 245 patients with
severe GBS, 122 patients were randomly assigned to PE (5 exchanges of 50 ml/kg
body weight each, given over 7-14 days), and 123 were assigned to conventional
treatment (Table 1). On average, patients treated by PE improved more rapidly,
could be weaned from assisted ventilation earlier, and reached ambulation 1
month earlier. PE was ineffective when started later than 2 weeks from onset of
symptoms [48]. These results were corroborated by a French study [49] in which
PE appeared to halt progression of GBS in addition to hastening recovery. In a fol-
low-up study of the same French population, 71% of patients treated by PE recov-
ered full motor strength as opposed to 52% of controls [50]. The main criticism
to these trials was the lack of a sham PE control group and thus the lack of blind-
ness. Within 1-2 weeks of initial improvement after PE, secondary worsening may
be seen in 10% of patients [51]. These limited relapses may be due to persistent
active disease or to antibody rebound; additional treatment by PE lead to renewed
improvement [52]. More recently the French Cooperative Group on PE in GBS
presented another large study of more than 550 patients that addressed the ques-
tion of the appropriate number of PE treatments [53]. The recommendations
derived from these studies are to use 2 PE treatments for mild GBS, and 4-5 for
severe GBS, starting as soon as possible. PE is reasonably safe, but not totally free
of risk, particularly in haemodynamically unstable GBS patients. Such risks, the
high cost, and the limited availability of PE facilities prompted the search for
alternative treatments.

Immunoglobulins

Based on some encouraging results of small studies [54, 55], a multicentre study
was performed in the Netherlands comparing intravenous immunoglobulins
(IVIg) and plasma exchange on 150 GBS patients. IVIg was given at a dose of 0.4
g/kg body weight for 5 consecutive days, while PE treatment followed the con-
ventional schedule. At 4 weeks, significantly more patients showed functional
improvement with intravenous IgG [56]. In this study, the PE group did worse
than the PE group in the North American trial. However, some factors may have
favoured the IVIg group: at entry, 15 patients assigned to PE versus 3 patients
assigned to IVIg needed ventilation. This study was criticised in that the two
groups were not equally matched and the study lacked masking. Therefore, the
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Table 1. Treatment of GBS: overview of clinical trials
Clinical trials Outcome Treatments p<
North American [48] PE Controls
Improved 1 grade at
1 month (%) 59 39 0.01
Improved at 6 months (%) 97 87 0.01
Days to improve 1 grade 19 40 0.001
Days to walk unaided 53 85 0.001
French [49, 50] PE Controls
Days to walk unaided 70 111 0.01
Days to weaning 18 31 0.005
PE IVIg
Dutch [56] Improved 1 grade at
1 month (%) 34 53 0.02
Days to improve 1grade 41 27 0.05
Days to walk unaided 69 55 0.07
PE IVIg PE+IVIg
Dutch [57] Improved 1 grade at
1 month (%) 57.9 55.4 59.5 ns
Days to walk unaided 49 51 40 ns
Days to weaning 29 26 18 ns
Steroids Controls
GBS Steroid Improved at 1 month (%) 54 51 ns
Trial Group [65]  Days to walk unaided 38 50 ns
Days to weaning 18 27 ns
IVig IVIg+
Steroids
Dutch [66] Improved 1 grade at
1 month (%) 53 76 ns
Days to improve 1g 27 20 ns
Days to walk unaided 55 27 ns
Days to weaning 15 6 ns

PE, plasma exchange; IVIg, intravenous immunoglobulins; #s, not significant.
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two treatments were assessed again in a large multicentre randomised double-
blind trial [57]. PE was compared with IVIg (0.4 g/kg body weight for 5 days) and
with a combined treatment of PE (5 times over 10-14 days), followed by IVIg (0.4
g/kg body weight for 5 days) in 379 adult patients with severe GBS. The primary
outcome criterion was the change of disability grade at 4 weeks from randomisa-
tion. The functional disability was assessed by means of a seven-point disability
scale. The PE group improved by 0.92 grades, the IVIg group by 0.82 grades, and
the combined treatment group by 1.11 grades. The three groups did not differ sig-
nificantly in this outcome criterion, nor did they differ in any of the secondary-
outcome measures (time to recover unaided walking, time to discontinue ventila-
tion, recovery from disability during 48 weeks). Improvement of at least 1 point in
the disability scale was observed in 57.9% of patients assigned to PE, in 55.4% of
patients treated with IVIg, and in 59.5% of patients randomised to receive PE and
IVIg. Both PE [58] and IVIg [59] are effective in paediatric patients. Although
there are no clear guidelines as to the treatment of choice there may be a prefer-
ence for 1VIg as PE is technically more difficult to perform in children because of
the problems of venous access. Furthermore, a recent retrospective study of 15
children suggested that IVIg might be superior to PE in reducing the number of
days to walk independently [60].

Limited relapses may be observed in about 10% of patients treated with IVIg.
Two independent studies drew attention to a high relapse rate after treatment
with IVIg [61, 62]. In a retrospective study on 54 patients with GBS, evidence was
not found of increased relapses in patient with GBS treated with IVIg as opposed
to those treated with PE [63]. Moreover, a recent study examined the risk factors
for treatment-related relapses occurring in GBS patients [64]. Their findings were
that treatment modality (PE, IVIg either alone or in combination with high dose
methylprednisolone) seems not to have any influence on the risk of clinical
relapse. On the other hand, patients with fluctuation showed a trend to have the
fluctuation after a protracted disease course, suggesting that treatment-related
clinical fluctuations are due to a more prolonged immune attack. A second inter-
esting issue is the severity of disease that requires intervention and whether
patients should be treated while still ambulant, since it is possible that early treat-
ment may be associated with higher relapse rate. Although the time from onset of
weakness to treatment was similar in both groups, in order to be randomised the
patients had to be unable to walk 10 m independently. In this respect it is still
unclear whether ambulant patients tend to relapse more often.

Corticosteroids

Despite initial enthusiasm in the 1960s for the use of steroids in GBS, corticos-
teroids proved to be of no benefit in GBS. In a large double-blind, placebo-con-
trolled multicentre trial of methylprednisolone (500 mg intravenously for 5 days
within 2 weeks of onset) vs. placebo, the groups did not differ significantly in any
of the outcome measures [65]. However, use of PE in the placebo group could have
obscured a possible beneficial effect of methylprednisolone. Sixty-six patients
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(53%) in the methylprednisolone treated group and 77 patients (65%) in the
placebo group received PE, a difference that is almost significant (p= 0.08). PE was
significantly more often applied in the placebo group compared to the methyl-
prednisolone group (p=0.01). A pilot study suggested a beneficial interaction
between IVIg and steroids [66]. In this study 19 of 25 patients (76%) improved by
one or more functional grades after 4 weeks compared with 53% of historical con-
trols treated with IVIg alone. This preliminary observation is now being tested in
an international randomised clinical trial.

interferon Beta

New insights in GBS pathophysiology have emphasised the role of cellular
immune reactions, and the role of proinflammatory and anti-inflammatory
cytokines, especially tumour necrosis factor (TNF)-a and transforming growth
factor (TGF). Interferon-f has been tried in peripheral nervous system inflam-
matory disease [67] and proposed in GBS [68]. Créange et al. [69] described some
beneficial effects in case report of a patient fulfilling the diagnostic criteria of
GBS with axonal features, generally characterised by a slower recovery than the
demyelinating form of GBS. The patient received 4 PE (50 ml/kg on alternate
days) and then 4 days later was started on 6 mUI interferon-f-1a on alternate days
for 2 weeks until he was able to walk 10 m without aid. The most rapid improve-
ment of disability occurred during the period when the patient was on interfer-
on-P-1a, and there was a subsequent persistent disability after interferon-f-1a
interruption. Further studies are needed to establish the potential usefulness ofin-
terferon-p in GBS.

cipp

Chronic inflammatory demyelinating polyradiculoneuropathy (CIDP) is an
acquired chronic disorder of the peripheral nervous system. The aetiology of
CIDP is unknown, but immunologic mechanisms are clearly involved [70]. Nerve
biopsy revealed inflammatory infiltration, mainly in the endoneurium or less fre-
quently around the epineurial capillaries. Electron microscopy demonstrated
macrophages engaged in the phagocytosis of myelin [71]. Humoral and cell-
mediated responses against a variety of myelin-derived autoantigens have been
detected in some CIDP patients [72-76], however these findings are substantially
inconsistent and a common target epitope has never been found. Studies on T cell
activation by measuring the levels of a variety of cytokines in serum or in CSF
failed to show consistent patterns. A stronger argument for involvement of the
immune system in the pathogenesis of CIDP has come from passive transfer
experiments. The infusion in healthy recipient animals of hyperimmune serum
from animals with experimental allergic neuritis [77] or from patients [78, 79]
induced a chronic relapsing inflammatory neuritis. More recently, repeated trans-
fer of P2 protein-reactive lymphocytes produced a chronic neuritis in Lewis rats
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[80]. Taken together, these studies suggest that both humoral and cellular immune
mechanisms are involved in the pathogenesis of CIDP and constitute the rational
for the use of immunoactive treatments.

Reliable incidence data for CIDP are not available, but clinical experience sug-
gests that it is lower than that of GBS; because of the usually prolonged course of
the disease, however, the prevalence is not negligible. A slight male predominance
has been found in most of the clinical series. Mean age at onset varies between 31
and 47 years in different studies, the variability being essentially explained by
selection bias. The disease affects all age groups. The occurrence of familial cases
is exceptional and no significant relationship with HLA antigens has been con-
sistently found [81]. As a consequence, a genetic predisposition to CIDP is
improbable. Preceding infections as a precipitating factor have been suggested in
some studies [71, 82], however their role is definitely less relevant in CIDP than in
GBS.

CIDP is characterised by sensory loss and weakness, areflexia, elevated CSF
protein, and electrodiagnostic evidence of multifocal demyelination with or with-
out superimposed axonal degeneration. Distribution of sensorimotor deficits is
usually symmetrical, but asymmetrical distributions can be observed, particular-
ly in the early phases of the disease. Most patients present with a combination of
weakness, numbness and paraesthesiae; cranial nerve involvement at onset is
rare. Weakness affects both proximal and distal muscles of the legs and arms, with
only a slight predominance of distal over proximal segments and of lower over
upper limbs. This is a quite uncommon finding in polyneuropathies. Facial mus-
cles are affected in about 20% of patients, while extraocular muscle impairment
is rare. Sensory loss is common and includes impaired touch and vibratory sen-
sations, with lesser involvement of pain and temperature sensitivities. About 10%
of patients have pure motor syndrome (lower motor neuron variant) and anoth-
er 10% have pure sensory syndrome (sensory ataxic variant) at presentation; a
strong predominance of motor versus sensory impairment can persist for many
years. A minority of patients has sensory-motor deficits in the distribution of
specific nerve territories, suggestive of mononeuritis multiplex. Pain is usually
considered infrequent in CIDP; however in a recent study, pain, usually in the
form of distal burning dysaesthesia or muscle aching and cramps, was reported
by 42% of patients [83].

CIDP is characterised by a high clinical heterogeneity that can make the diag-
nosis quite difficult because there are no specific tests for its diagnosis. The
essence of the diagnosis is that it is a chronic acquired demyelinating disease and
that other potential causes of demyelinating neuropathy have been excluded. This
means that the diagnosis is based on anamnestic data, clinical examination and
laboratory tests: electrophysiologic studies, cerebrospinal fluid examination and
nerve biopsy. These tests should demonstrate the presence of demyelination and
inflammation and exclude other causes. The anamnesis should demonstrate the
chronicity of the disorder: Dyck et al. [84] in 1975 required progression of 6
months, Barhon et al. [85] 2 months, Hughes [86] 4 weeks, Cornblath et al. [87] 2
months, and Dyck et al. [88] in 1993 8 weeks. This time interval is important to
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differentiate CIDP from GBS. Eight weeks are probably enough for this purpose.
Several sets of diagnostic criteria have been developed, using a combination of
clinical and instrumental variables. In general, criteria for inclusion in clinical tri-
als must be more specific and criteria for clinical activity must be more sensitive,
because patients with atypical clinical findings may respond to immunoactive
treatments as well as patients with typical clinical patterns. The more widely used
diagnostic criteria for research protocols are those published in 1991 by the Ad
Hoc Subcommittee of the American Academy of Neurology [89]. Moreover, some
authors have proposed to classify patients in 3 classes according to the results of
3 instrumental tests (neurophysiology, CSF examination, and nerve biopsy) as
definite (3 tests abnormal), probable (2 tests abnormal) and possible (1 test
abnormal). It is noteworthy that only 30%-60% of the patients included in the
largest clinical series could be classified as definite CIDP.

Three types of disease courses are classically described: monophasic, relapsing
and progressive. The classification is based on retrospective data and has no prog-
nostic implications for the successive type of course. No data are available on the
natural history of the disease because almost all patients receive treatment, which
can substantially modify the disease evolution. About one-third of patients have
a monophasic course with full recovery or residual disability; about 40% of these
patients require persisting treatments to prevent deterioration. About 25% have a
progressive course (slow or stepwise) and 35% a relapsing course. In patients with
relapsing courses the interval between relapses is about 10 months [85, 90],
although relapses may occur even 31 years after the initial attack [71]. Outcome
was very poor in early reports: in the series of Dyck et al. [84] 11% of patients died
of the disease, 6% died from other diseases, 11% were bedridden or wheelchair-
bound, and 8% were ambulatory but unable to work. However, such poor out-
comes were probably due to inadequate treatment and biased selection. In a
recent long-term follow-up, only 4% of the patients died and a further 9% had
moderate or severe disability [91]. The outcome of CIDP in children seems to be
even better when the disease has a monophasic course, while cases with a pro-
gressive course from onset may have considerable long-term morbidity with per-
sistent disability [92].

Table 2. Disorders (generally autoimmune) that, when occurring in association with CIDP,
form a condition sometimes termed “CIDP plus”

HIV infection

Thyreotoxicosis

Benign monoclonal gammopathy
Inflammatory bowel disease

Chronic active hepatitis

Hereditary motor-sensory neuropathy
Hodgkin’s disease

Central-peripheral inflammatory demyelination
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CIDP may occur in association with other conditions (Table 2) most of which
have a presumed autoimmune pathogenesis. There is a large debate if these cases
should be classified as “CIDP plus” or should be maintained separate from idio-
pathic CIDP. This association is not surprising because it is well known that
autoimmune diseases tend to occur in the setting of other autoimmune disorders.

General Treatment

During severe acute relapse or in the advanced phases of progressive courses,
CIDP patients may require ventilatory assistance. Physiotherapy is important to
preserve and improve muscle strength and to prevent tendon retraction. Bracing
and other aids may be useful in cases of severe weakness. As in other chronic dis-
abling diseases, psychological support is essential.

Corticosteroids

As far back as 1958, Austin [93] documented the efficacy of steroid treatment in
CIDP. Since then, many uncontrolled studies reported the positive effects of
steroid treatment in CIDP. These results were confirmed by the controlled trial of
Dyck and co-workers [94] in which 28 patients were randomised to receive 120
mg prednisone every other day tapered in 3 months, or no treatment. Prednisone
was shown to cause a small but significant improvement in neurological disabili-
ty and some instrumental tests. Patients with a recurrent course responded as
well as patients with a progressive course. Improvement after steroid treatment
occurred in 86% of the patients. In two other large, open studies, clinical improve-
ment was observed in 65% and 95% of the treated patients [82, 85]. The clinical
improvement usually started after some weeks (1.9 months in Barohn et als study
[85]), but could be delayed until 3.5 months [95]. The peak of improvement may
be reached after 6-12 months, indicating the need to continue treatment for years,
with tapering of the dose. Unfortunately relapse after discontinuation of the
steroid treatment occurs in most patients, 70% in Barohn et al’s study [85]. This
observation raises problem that chronic steroid treatment may induce serious
side effects such as osteoporosis, diabetes and hypertension. About 50% of CIDP
patients do not respond or have unsatisfactory responses to steroid treatment or
become refractory after an initial positive response. In a minority of these
patients, increasing the dose results in the reappearance of the response, which is
frequently only transitory.

Plasma Exchange

Many small open studies indicated the efficacy of plasma exchange (PE) in CIDP
[96-98]. These results were subsequently confirmed in a double-blind-cross-over
controlled trial [99] in which patients with static or worsening disease were ran-
domly assigned to PE (n=15) or to sham exchange (n=14). After 3 weeks, a sig-
nificant improvement of nerve conduction parameters was observed in the PE
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group. Moreover, the neurologic disability score improved in 5 patients of this
group to a greater degree than for any patient receiving sham exchange.
Improvement was observed both in patients with progressive and relapsing
courses. However, in patients who responded to treatment, the improvement gen-
erally began to fade 10-14 days after the treatment was stopped. This rapid dete-
rioration occurring within a few days of stopping has been confirmed in another
study [100]. Rebound phenomenon may be caused by an overshooting synthesis
of antibodies or other pathogenic factors, or by alterations of immunoregulatory
mechanisms [101, 102]. Most patients in the Dyck et al’s study [99] had long-last-
ing disease and severe disability. Interestingly, in a more recent double-blind
sham-controlled cross-over trial in patients with a disease of short duration and
never treated before, a positive effect of PE was observed in 80% of patients [100].
Clinical improvement occurred independently of the type of disease course, and
was clearly associated with a reduction of conduction block in most nerves. Eight
of the 12 patients with clinical improvement after PE showed relapse; six of these
patients, with an apparently stable disease at randomisation, deteriorated rapidly
over a few days and became more severely paralysed than they had been at entry
into the study. These patients subsequently improved and stabilised with further
PE, but corticosteroids or immunosuppressors were added to PE to maintain the
disease stability in all patients. Long-term follow-up was achieved in 16 patients:
13 patients had no or minor disability and 3 patients remained with moderate
distal weakness.

Comparing the controlled study of Dyck et al. [99] and Hahn et al. [100], it
seems that the better results obtained by Hahn et al. can be explained by the more
vigorous PE scheduling (10 vs. 6 treatments) and by the earlier treatment. In
patients with long-lasting disease, irreversible nerve damage (secondary axonal
degeneration) may occur, reducing the probability and extent of recovery.

Immunoglobulins

Intravenous immunoglobulins (IVIg), initially used as replacement therapy in
primary and secondary antibody deficiency syndromes [103, 104], have recently
acquired an important role in the treatment of some dysimmune pathologies,
including some diseases of the central and peripheral nervous systems [105, 106].

Compared to other immunoacting treatments, IVIg are characterised by a
good safety profile. The main risk consists of the transmission of infectious
agents that can only be excluded if the manufacturing process is optimal.

IVIg display a quite wide range of effects on the immune system, including
anti-idiotypic suppression, down-regulation of B cell and T cell activation, block-
ade of Fc receptors on phagocytic cells, neutralization of superantigen a comple-
ment-mediated effects, downregulation of cytokine production, and neutraliza-
tion of cytokines. Which of these mechanisms, alone or in variable combination,
plays a major role in the treatment of CIDP is still a matter of debate.

Some open studies [81, 87, 107-111] (Table 3) suggested an efficacy of IVIg in
CIDP.In the largest trial [81], 52 patients were treated with IVIg in a dosage of 0.4
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Table 3. IVIg treatment of chronic inflammatory demyelinating polyneuropathy: results
of uncontrolled studies

Reference Patients
Treated (n) Improved (n)

van Doorn et al. [81] 52 30
Cornblath et al. [87] 15 6
Hoang-Xuan et al. [107] 6 4
Faed et al. [108] 9
Hodkinson et al. [109] 8 3
Nemni et al. [110] 9 6
Vermeulen et al. [111] 17 13
Total 116 71

g/kg body weight per day for 5 consecutive days; when necessary, treatment was
repeated. Twenty patients did not improve; 2 patients had a short-lasting
improvement with subsequent infusions having no effects; 9 patients had a com-
plete remission, and 21 needed intermittent infusions to maintain the improve-
ment. Response to treatment was associated with short duration of disease in a
progressive phase, symmetric weakness distribution, and relevant nerve conduc-
tion velocity slowing. In another study [109], IVIg resulted effective also in some
patients not responsive to steroids or PE.

Four controlled studies on the effects of IVIg in CIDP have been published [81,
111-113]: van Doorn et al. [81] performed a placebo-controlled, cross-over study
in 7 patients who had all shown a favourable response to IVIg in a previous open
study. The disability of all patients improved after IVIg and did not change after
placebo. Clinical changes were paralleled by neurophysiological changes. The
clinical improvement occurred in all patients within one week of treatment, but
all patients deteriorated within 3-11 weeks after treatment discontinuation. The
same group of researchers [111] was not able to confirm the beneficial effects of
IVIg treatment in a group of 28 newly diagnosed CIDP patients. Fifteen patients
were randomised to IVIg and 13 to placebo: clinical improvement occurred in 4
patients of the first group and in 3 patients of the placebo group. Mean nerve con-
duction velocity and amplitude ratio of the evoked responses tended towards
amelioration in the active treatment group while they were stable or deteriorated
in the placebo group, but the neurophysiological changes were not significant. All
patients who did not improve during the double-blind phase of the trial were
treated with IVIg in a successive open phase: 6 of 10 patients in the previous
placebo group improved, while none of the 11 patients of the previous IVIg group
improved. The third controlled study [112] was an observer-blind, cross-over trial
with a washout period of 6 weeks comparing IVIg and PE in 20 patients with pro-
gressive or static neuropathy. Thirteen received both treatments; the other
patients did not worsen sufficiently after the first treatment to receive the second
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treatment. Both treatments resulted equally effective. As pointed out by the
authors, the total dose of IVIg (1.8 g/kg over 6 weeks) was low and better results
might have been found with higher doses. The fourth study is a double-blind,
placebo-controlled, cross-over study [113]. Thirty patients, many of whom had
failed on other treatments, were randomised to receive IVIg 0.4 g/kg for 5 days or
placebo, and after 4 weeks were crossed-over to the alternate treatment. A signif-
icant difference in favour of IVIg was observed in all the clinical parameters and
in most neurophysiological parameters. Nineteen patients improved on IVIg, but
10 of them relapsed after 3-22 weeks (median, 10 weeks). All 10 patients have been
maintained and stabilised with IVIg pulse therapy of <1 g per kg body weight,
given as a single infusion prior to the expected relapse.

In a series of 44 consecutive patients with CIDP, the response rates among PE,
IVIg and steroids were similar but functional improvement was greatest with PE
[83]. An improvement was observed in 39% of the patients for at least 2 months
with an initial therapy. Among those who failed to respond, more than one-third
improved with a second treatment.

Neuropathies Associated with Monoclonal Gammopathy

The association between neuropathies and monoclonal gammopathies was
realised in the early 1970s, but the frequency of such an association is still unde-
termined. Monoclonal gammopathy, predominantly IgG, has a high prevalence in
the elderly population and approximately one-third of these patients has related
neuropathy [114]. Kelly et al. [115] reported that monoclonal gammopathy was
present in 10% of patients with idiopathic peripheral neuropathy. However, preva-
lence studies on consecutive patients with benign monoclonal gammopathy
showed figures ranging from 5% [116] to 70% [117]. Peripheral neuropathy is
more frequently associated with IgM monoclonal gammopathy [118]. In the
majority of patients with neuropathy and associated monoclonal protein, no
underlying disease is found (monoclonal gammopathy of unknown significance
(MGUY)).

Autoantibodies against peripheral nerve constituents have been demonstrated
in many patients. In about half the patients with IgM monoclonal gammopathy
,the M protein reacts with myelin-associated glycoprotein (MAG) and many syn-
dromes have been described [119]. Many open trials with steroids [120-122],
immunosuppressive agents [116, 123, 124], or PE alone or in variable combination
[125-127], have been conducted in recent years with widely variable results, so
that no conclusion can be derived. The only exception is a double-blind study on
the efficacy of PE vs. sham exchange [128] involving 39 patients with stable or
worsening neuropathy and MGUS. A significant improvement of clinical and neu-
rophysiological parameters was observed in the PE group, while no changes
occurred in the sham group. Patients with IgG or IgA gammopathy had a better
response to PE than did those with IgM gammopathy. However, only some
patients seemed to respond to PE [127, 129], and PE did not produce additional
benefits when added to the chlorambucil treatment in patients with IgM gam-
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mopathy [130]. In another open study [122], the response to PE was only slightly
better than that to steroids, and again clinical improvement occurred mostly in
patients with IgG and IgA gammopathies. There are few data on the efficacy of
IVIg in MGUS neuropathy, coming from small, open, uncontrolled studies. We
treated 5 patients with IgG or IgA gammopathy, and found clinical and neuro-
physiological improvement in 3 patients. Cook et al. [131] treated 2 patients with
IgM gammopathy, who had a steadily progressive course over 3 years in spite of
treatments with steroids and immunosuppressive agents. Both patients had rapid
clinical improvement 5-10 days after the first immunoglobulin infusion, lasting 3-
6 weeks. Retreatment determined improvement after each consecutive infusion. A
positive response to IVIg has been also reported by Simmons et al. [127] in
patients with IgA gammopathy. Léger et al. {132] treated 4 patients with IgG gam-
mopathy and 13 patients with IgM gammopathy with monthly infusions for 6-24
months. Two of the patients with IgG and 6 of the patients with IgM had persis-
tent clinical improvements. Interestingly, some of the responders had not previ-
ously responded to other immunosuppressive agents. Ellie et al. [129] treated 17
patients with IgM gammopathy and anti-MAG reactivity; a clear-cut improve-
ment was observed in 24% of the cases and a transient, mostly subjective,
improvement in another 35%.

In an open prospective study, Notermans et al. [133] analysed the effect of inter-
mittent cyclophosphamide and prednisone treatment. Eleven patients had IgM-
MGUS and five IgG-MGUS. During a follow-up period of three years, eight
patients improved and six patients stabilised. There was no difference in response
between patient with IgM-MGUS and IgG-MGUS, nor in patients with or without
anti-MAG antibodies.

Finally, Blume et al. [134] combined plasma exchange and cyclophosphamide
to treat four patients with anti-MAG antibody-associated progressive polyneu-
ropathy. They found improvement in all patients in the 5-24 months after treat-
ment with improvement persisting for 1-2 years. Improvement after
immunoglobulin infusion was not associated with changes in serum IgM.

Published data have demonstrated that some patients with paraproteinaemic
neuropathy respond to prednisone, PE, IVIg, and immunosuppressive agents.
Treatment responses are unpredictable in single patients even though usually
patients with IgG and IgA gammopathy have a higher probability to respond pos-
itively. The efficacy of treatment when present is usually transitory, but persistent
with retreatment.

Multifocal Motor Neuropathy

Multifocal motor neuropathy (MMN) with persistent conduction block is a rare,
recently recognised neurological disorder characterised by an insidious onset and
usually slow progression of weakness in the territory of one or more nerves, nerve
branches or roots in a highly variable combination from patient to patient.
Weakness usually starts in the upper limb, distally and asymmetrically; the spread
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of the weakness to other homolateral and controlateral segments of the upper and
lower limbs is quite common in the course of the disease. Muscular atrophy is fre-
quently observed, but it can be absent, even for a long time in the affected mus-
cles, in spite of severe weakness. Sensory deficits are absent or mild even in the
territory of a nerve with severe involvement of the motor fibres. Spinal fluid
examination is usually normal. A completely confident diagnosis rests on electro-
diagnostic studies showing a conduction block, confined to motoraxons, in a
short segment of the nerve, outside the typical entrapment sites. Motor nerve
biopsy demonstrated endoneurial oedema, lymphocytic inflammation, mild loss
of myelinated fibres and rare onion bulbs [135]. Mild pathological abnormalities
have also been found in sural sensory fibres, mostly thinly myelinated large cali-
bre fibres [136]. The role of antibodies to GM1 ganglioside in the pathogenesis of
MMN remains controversial. The frequent occurrence of high titres of anti-GM1
antibodies seemed to provide useful diagnostic information. However, in differ-
ent series of MMN patients, figures ranging from 20% [137] to 80% [138] have
been reported, with most series ranging from 40% to 60%. Furthermore, sera
from patients with Guillain-Barré syndrome, amyotrophic lateral sclerosis (ALS),
CIDP, spinal muscular atrophy and other neurological disorders may also have
increased anti-GM1 antibodies titres, even though titres are usually lower in
MMN.

Steroid treatment resulted ineffective in 23 of 25 patients reported in the liter-
ature [139-142]. The deleterious effect of steroids in MMN patients has been
emphasised in a study by Donaghy et al. [143]. These authors reported an increase
in weakness within one month of starting oral prednisolone in 4 patients with
pure motor demyelinating neuropathy, 2 of which had a prompt improvement fol-
lowing high dose IVIg. More recently, a study by van den Berg et al. [144] con-
firmed that steroid therapy is not effective in patients with MMN. Plasma
exchange (PE) also had no effects on MMN [139-142]. The absence of response to
steroid treatment and plasma exchange is sometimes useful for differentiating
MMN from CIDP. We were able to find in the literature 14 patients treated with
cyclophosphamide; in 9 of them treatment was of some efficacy [139-142].

The efficacy of IVIg has been tested in many small open studies (Table 4) [145-
150). The dose and schedule of treatment were quite variable, ranging from 1.0 to
2.4 mg/kg over a period of 2-5 days, every 2-8 weeks. Globally, 63 patients were
treated and 58 had some benefit. Improvement usually started 2-10 days after
treatment and lasted 6-10 weeks. The range of improvement was variable from
patient to patient and in the same patient strength ameliorated in some segments
but not in others. The response to treatment was usually better in muscles with no
or mild atrophy. The study of Bouche et al. [145] is of particular interest because
19 patients were followed for at least 2 years. Treatment was 2 g/kg over 5 days,
monthly for 6 months, then every 2-3 months. Improvement or stabilisation
occurred in 18 cases, almost exclusively in patients without amyotrophy. In
patients with anti-GM1 antibodies, the improvement of strength was associated
with a decrease of antibody titre. Improvement of muscle power was usually, but
not always, associated with a decrease of conduction block in the corresponding
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Table 4. IVIg treatment of multifocal motor neuropathy: results of uncontrolled studies

Reference Patients
Treated (n) Improved (1)

Donaghy et al. {143] 4 2
Bouche et al. [145] 19 17
Chaudry et al. {146] 9 9
Comi et al. [147] 5 5
Kaji et al. [148] 2 2
Nobile-Orazio et al.[149] 5 4
Parry [150] 1 1
Azulay et al.[151} 18 12
Total 63 52

nerve; this discrepancy can be explained by conduction block arising proximally
in the motor fibres. The short-term efficacy of IVIg has been confirmed by two
small, double-blind placebo-controlled cross-over studies [151, 152].

More recently, Azulay et al. [153] analysed the long-term efficacy of IVIg in MMN.
Eighteen MMN patients treated with high dose IVIg were followed for 9-48
months. Clinical benefits were seen in 12 patients (67%) but most patients need-
ed repeated courses of IVIg to maintain the improvement.

There are consistent data supporting the short-term efficacy of IVIg in patients
with MMN with persistent conduction block; early treatment is advisable because
the response is quite poor or absent in atrophic muscles. The response seems to
persist with treatment in most patients, but doses and frequency of administra-
tion have to be adjusted on single cases. Due to the slow progression of the dis-
ease in many cases, at present it is impossible to say whether IVIg treatment is
able to persistently stop the disease progression.

Conclusions

All the substantial controlled trials so far undertaken have indicated that PE and
IVIgare equally effective treatment of GBS. However, GBS is a heterogeneous con-
dition and it is possible that some patients respond differently to PE and to IVIg.
Large studies are necessary to address this critical point. In the meantime, PE and
IVIg remain the main stay of treatment. It is reasonable to use either of the two
treatments unless there are specific contraindication to use one of the two. The
most important contraindications for PE are cardiovascular and haemodynamic
instability and difficulty to find venous access. IVIg should be avoided in patients
with previous allergic reaction to IVIg, in patients with known IgA deficiency in
whom anaphylaxis is more common, and in the presence of renal failure which
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may be exacerbated. If a patient deteriorates during either PE of IVIg treatment,
the dilemma for the physician is whether the patient should be switched to an
alternative treatment. The follow-up of the Dutch PE and IVIg trial indicated that
about half of patients who continued to deteriorate during the first week of treat-
ment ameliorated during the second week. Therefore, the physician should wait at
least 2 weeks before deciding to change treatment. Another interesting issue to be
addressed in further studies is to determine the best treatment for relapsing
patients. There is still uncertainty as to whether ambulant patients tend to relapse
more often. Interestingly but not unexpectedly, patients who have an acute axon-
al motor GBS do not relapse. This may be because the axons once destroyed can-
not regenerate quickly enough to be attacked again by the original immune effec-
tor mechanisms that may have already subsided.

Controlled trials have demonstrated that IVIg, PE and corticosteroids are
effective in CIDP. Uncontrolled studies also suggest that cytotoxic drugs are effec-
tive, but they are a second choice treatment because of the serious short-term and
long-term side effects. IVIg and PE are equally effective and equally expensive.
Most patients respond to the same extent to both treatments, but some patients
respond only to IVIg or PE; because both treatments are active within 1-4 weeks,
patients can be quickly shifted to the second treatment if a response is not
observed after the first treatment. We prefer to start with IVIg because PE is more
invasive. If after IVIg treatment secondary deterioration occurs following an ini-
tial clinical improvement, treatment must be repeated and the treatment interval
has to be determined, taking into consideration the high inter-patient variability
of the duration of the response. When stabilisation is obtained, both the dose and
frequency of IVIg infusion have to be reduced. In some cases, low doses of
steroids need to be added to IVIg treatment to consolidate the responses. If no
response is seen to I'VIg, a trial of PE should be undertaken and the opportunity
to combine immunosuppressive drug treatment has to be considered. As a guide-
line for the PE schedule, 10 exchanges 2-3 times a week is usually sufficient, with
subsequent tapering of PE frequency. Corticosteroids are the first immunosup-
pressive agents that should be added to PE, if necessary. Occasionally, patients
may require cyclophosphamide, azathioprine, cyclosporin A or other cytotoxic
agents.

For MGUS, the therapeutic strategies are the same as for idiopathic CIDP, but
usually the clinical response is poorer. For MMN, IVIg are definitely the first
choice treatment.

Acknowledgements: We thank the project INCAT BIOMED 2 contract number BMH4-CT96-
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