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Summary
Based on exciting results in animal models, a number of relying on modern biotechnology. For each approach, the

underlying immunological principles, experimental andnovel immunotherapies employing biotechnological products,
rather than conventional immunosuppressants, are being clinical evidence, and foreseeable problems are separately

addressed. Thus, it is hoped that this article serves a dualdeveloped for the treatment of multiple sclerosis. The first
part of this article is a review of some fundamental concepts purpose, namely to provide an update on recent advances in

immunology, and to serve as a useful source of reference toof immunology and offers a hypothetical scenario for the
immunopathogenesis of multiple sclerosis. The second part immunotherapies holding promise for future treatment of

multiple sclerosis.provides a critical overview of various immunotherapies
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Abbreviations: APL 5 altered peptide ligand; CD5 cluster of differentiation; cDNA5 complementary DNA; CDR5
complementarity determining region; EAE5 experimental autoimmune encephalomyelitis; Fc5 constant portion of
immunoglobulin molecules; GM-CSF5 granulocyte-macrophage colony-stimulating factor; HLA5 human leucocyte
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complex; MIP 5 macrophage inflammatory protein; MMP5 matrix metalloproteinase; MOG5 myelin-oligodendrocyte
glycoprotein; PCR5 polymerase chain reaction; PLP5 proteolipid protein; sFv5 single chain variable portion of Ig
molecules; TGF5 transforming growth factor; TH5 T helper (cell); TIMP5 tissue inhibitor of MMP; TMC5 trimolecular
complex; TNF5 tumour necrosis factor; TNF-R5 TNF receptor; VCAM5 vascular cell adhesion molecule; VLA5 very
late antigen

Contents Part 2: immunotherapeutic strategies
Introduction: advances in immunology andPart 1: immunological principles
biotechnologyCells and molecules of the immune system

The biological revolution
Self tolerance and autoimmunity Protein engineering techniques
The immunopathogenesis of multiple sclerosis: a Immunological gene therapy and anti-sense oligonucleotide

therapyhypothetical scenario

© Oxford University Press 1997



866 R. Hohlfeld

Costimulatory moleculesTherapy with cytokines and anti-cytokines
Leucocyte differentiation moleculesInterferons

Tumour necrosis factor antagonists
Immunotherapies targeting the ‘trimolecularCytokine-induced ‘immune deviation’

Transforming growth factor-β complex’
Interleukin-10 Major histocompatibility complex inhibitors
Interleukins-4 and -13 Alterered peptide ligands
Interleukin-1 inhibitors Oral tolerance
Chemokines Other strategies of tolerance induction by modification of
Other cytokines antigen presentation

Copolymer-1
Miscellaneous anti-inflammatory agents Vaccination with T cells or T-cell receptor peptides

Inhibitors of matrix metalloproteinases

Conclusions and outlookTherapies directed at adhesion, costimulation, or
Referencesleucocyte-differentiation molecules

Adhesion molecules Index

Introduction
Much progress has been made recently in multiple sclerosis vessels and lymphatics. At any given time, there is an
clinical trial methodology, largely based on advances inextensive traffic of immune cells migrating between these
nuclear magnetic resonance imaging techniques. Comple-sites. However, under special circumstances, the cells of the
mentary to these achievements, modern biotechnology is nowimmune system can reach essentially every site in the body.
offering a whole arsenal of potential treatments for multiple The major types of immune cells include the B and T
sclerosis, which rest on experimental results obtained duringlymphocytes, which mediate antigen-specific immune
the past 15 years from systematic research into the immuno-responses, and the monocytes and polymorphonuclear
pathogenesis of experimental autoimmune encephalomyelitisleucocytes, which eliminate pathogens via antigen-independ-
(EAE) and multiple sclerosis. Some of the novel conceptsent mechanisms. B and T cells carry antigen-specific surface
are very promising, whilst others do not seem suitable forreceptors, immunoglobulins (Igs) in the case of B cells and
clinical application. In the first part of this article, the basic T-cell antigen receptors in the case of T cells. All these
concepts of immunology and the pathogenesis of multiplegroups of immune cells are, of course, heterogeneous, as
sclerosis will be reviewed. In the second part, the differentexemplified for T cells in Fig. 1.
proposals for immunotherapy will be examined in the light The immune ‘repertoire’ of B and T cells is immense,
of this knowledge. comprising at least 108–1010 different specificities (i.e.

different antigen-specific receptors). The different receptors
are ‘clonally distributed’. This means that with few
exceptions, each B and T cell and its progeny (called a clone)Part 1: immunological principles

This section provides a brief overview of important carries only one type of antigen-specific receptor on its
immunological concepts. For more detailed reviews, thesurface, although in thousands of copies.
reader may wish to consult one of the major textbooks of The enormous diversity of antigen-specific receptors is
immunology, e.g. the most recent edition of the textbooks bygenerated in maturating B and T cells by a special process
Janeway and Travers (Immunobiology: The Immune System of somatic gene rearrangement, which is probably unique to
in Health and Disease. Oxford: Blackwell, 1996) and Paul the immune system. The genes for Igs and T-cell receptors
(Fundamental Immunology. New York: Raven, 1993). are inherited as sets of gene segments, each of which
Additional sources of current information are the reviewencodes part of the antigen-specific receptor. Each set contains
journal Immunology Todayand the review seriesAnnual multiple segments. As B cells differentiate in the bone
Reviews of Immunologyand Immunological Reviews. marrow, or T cells in the thymus, one segment of each set

is randomly chosen and joined to form a contiguous stretch
of DNA that codes for the entire receptor (Fig. 2A and B).
Because different gene segments are joined in different cells,Cells and molecules of the immune system
each cell forms a unique gene that codes for a uniqueThe cells of the immune system reside in the central (primary)
receptor. This mechanism explains why a limited number ofimmune organs (bone marrow and thymus) or peripheral
inherited genes can code for an almost unlimited number(secondary) lymphoid tissues (e.g. lymph nodes, spleen and

gut-associated lymphoid tissue), or they circulate in the blood of proteins.
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Fig. 1 Overview of the different types of T cells. T cells expressing theαβ T-cell receptor (αβ1 T cells) constitute.95% of the T cells
in blood. The rareγδ1T cells are slightly enriched in certain multiple sclerosis lesions (e.g. Selmajet al., 1991a). The αβ1 T cells can
be subdivided into CD41 and CD81 cells, and the CD41 T cells can be divided into TH1 and TH2 cells.

When the immune system is confronted with an invading switching’ and ‘somatic hypermutation’. Igs are made in
several distinct isotypes or classes (IgM, IgG, IgD, IgA andpathogen, the clones of B cells and T cells that happen to

carry receptors specifically recognizing that pathogen are IgE), each of which has a distinct heavy-chain constant
region encoded by a distinct constant-region gene (Fig. 2A).stimulated and then proliferate. The clones that carry the best-

fitting receptors are stimulated most strongly. This process of Isotype switching occurs by recombination events in the
DNA of B cells. It does not significantly affect the specificity‘clonal selection’ from a large pool of pre-existing immune

cells explains the great adaptive potential of the system. Even of antibodies, but significantly alters their functional
properties, including serum half-life, complement activationthe most exotic pathogen will, by pure chance, stimulate a

few clones of B and T cells when it first invades an and binding affinity for the different types of Fc (constant
portion of Ig molecule) receptor.immunologically ‘naive’ organism. Thea priori chances that

the infection can be eventually controlled are good. Should Somatic hypermutation occurs in the rapidly dividing B
cells in the germinal centres of peripheral lymphoid organs.a second encounter with the pathogen occur, long-lived

‘memory’ B and T cells will eliminate the pathogen more It helps to increase the affinity of antibodies (‘affinity
maturation’). Like the somatic rearrangement of Ig genesrapidly and efficiently, usually before it can cause symptoms.

This is the basis of long-term immunity following infection (which occurs earlier in B-cell development), somatic
hypermutation is a random process that allows a kind ofor successful vaccination.

In most immune reactions, B and T cells closely cooperate. ‘Darwinian’ selection of the best-fitting antibodies. In the
variable-region genes of the dividing germinal centre B cells,B cells can take up antigen via their specific Ig receptors,

process it and re-express it on their surface in a form somatic point mutations occur at an exceptionally high rate.
Only B cells expressing receptors that can bind antigenthat can be recognized by the antigen-specific receptors of

corresponding ‘helper’ T cells. Recognizing the antigen on tightly will survive and eventually leave the germinal centre
to become antibody-secreting plasma cells or memory Bthe B cell, the helper T cell induces the B cells to grow

and undergo further genetic modifications called ‘isotype cells. It is important to note that with few possible exceptions,
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Fig. 2 Genetic organization and expression of Ig and T-cell receptor genes. (A) The germ line DNA
encoding the variable region of the Ig heavy chain contains 51 variable (VH), 27 diversity (DH) and six
joining (JH) functional gene segments. The constant region genes code for the different Ig isotypes (e.g.
Cµ for IgM, Cδ for IgD, etc.). A complete heavy-chain variable-region gene is assembled by somatic
recombination events that first join the D and J segments, and then join the V gene segment to the
combined DJ sequence. The heavy-chain constant-region sequences are spliced to the variable domain
sequences during processing of the heavy-chain gene RNA transcript. The mRNA coding for the two
types of Ig light chain (κ andλ) is constructed by similar mechanisms (not shown). (B) The germ line
DNA encoding the T-cell receptorβ chain genes contains 65 (46 functional) Vβ, 13 Jβ (not all are
shown), two Dβ, and two Cβ segments (Rowenet al., 1996). Like the Ig heavy chain, the variable
domain of the T-cell receptorβ-chain is encoded by three gene segments, Vβ, Dβ, and Jβ.
Rearrangement of these gene segments generates a functional exon that is transcribed, spliced to join
VDJ to C, and the resulting mRNA translated to yield the T-cell receptorβ-chain protein. The mRNA
coding for the T-cell receptorα-chain is constructed by similar mechanisms (not shown).

somatic hypermutation and affinity maturation are apparently and activate the complement cascade. In contrast, T cells do
not recognize soluble antigens, but only ‘processed’ antigensrestricted to B cells and do not occur in T cells.

The receptors of B and T cells recognize antigens in a displayed on cells. More precisely, the T-cell system is
specialized to recognize antigens as short peptides bound tofundamentally different way. B cells (and antibodies, the

secreted form of the B-cell receptor) bind pathogens and proteins of the major histocompatibility complex (MHC)
(Fig. 3).their components in extracellular spaces. The antibodies

neutralize the pathogen, make it digestible for phagocytes The MHC is so called because it was originally discovered
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Fig. 3 Antigen recognition by CD41 T cells (top) and CD81 T cells (bottom). The T-cell receptor of
CD41 T cells recognizes an antigen peptide (indicated by black dot) bound to an MHC class II
molecule (e.g. HLA-DR, -DP or -DQ) on the surface of an antigen-presenting cell. The T-cell receptor
of CD81 T cells recognizes an antigen peptide bound to an MHC class I molecule (e.g. HLA-A, -B
or -C). CD4 and CD8 act as co-receptors.

through its effects on the rejection of transplanted tissues. MHC complex to stimulate 100–200 TCRs sequentially. This
helps to explain how T cells, each with ~10 000 antigen-The fundamental importance of the molecules encoded by

the MHC only emerged much later (Zinkernagel and specific TCRs on their surface, can recognize the correspond-
ing peptide antigen, which is typically associated with asDoherty, 1997). In principle, there are two types of MHC

molecules: class I, which includes human leucocyte antigens few as ~100 of the ~100 000 MHC molecules on a typical
‘antigen-presenting cell’ (seebelow). The ‘counting’ process(HLA)-A, -B and -C, and class II, which includes HLA-

DR, -DP and -DQ. The two classes of MHC molecule, which seems to depend on a dose-related down-regulation of TCRs
after antigen binding.differ somewhat in structure and function, bind peptide

antigens and present them to different types of T cells. The The peptides displayed by the class I and class II MHC
molecules derive from different sources; MHC class I mole-cluster of differentiation (CD)81 cytotoxic T cells recognize

peptides bound to MHC class I molecules, whereas CD41 cules bind peptides from pathogens that replicate in the
cytosol of infected cells, typically viruses and some bacteria.T cells recognize peptides bound to MHC class II molecules.

The CD4 and CD8 molecules act as co-receptors. When the These pathogens can only be destroyed by killing the cell
containing them. Because MHC class I molecules areTCR recognizes a peptide–MHC complex on another cell, a

co-receptor molecule also binds to the MHC portion of the expressed on virtually all body cells, any cell that is infected
can be destroyed in this way. Those MHC class I moleculescomplex, thus forming part of the recognition complex and

helping to activate the T cell. CD4, which is found on helper that are expressed on noninfected cells (the vast majority
under normal conditions) are associated with a ‘self’ peptideand inflammatory T cells, binds only to MHC class II

molecules; CD8, which is found on cytotoxic T cells, binds derived from some endogenous protein synthesized in the
cell. These physiologically expressed ‘self’ peptides areonly to MHC class I molecules (Fig. 3).

The three-dimensional structure of the ternary complex normally ignored by the immune system for reasons
explained below.between the TCR, the antigenic peptide and the MHC (class

I) molecule has been solved by X-ray analysis of protein In contrast to MHC class I molecules, MHC class II
molecules are expressed primarily on cells of the immunecrystals (Garbocziet al., 1996; Garciaet al., 1996). When

viewing such a static picture of a TCR ‘caught’ in the process system (e.g. macrophages, B cells, and activated T cells in
humans). The class II molecules bind peptides derived fromof antigen recognition, one should consider that, in reality,

antigen recognition is a highly dynamic process. It is thought proteins degraded in intracellular vesicles. Such peptides may
come from an exogenous source or from intracellular bacteriathat T cells ‘count’ the number of TCRs engaged by peptide–

MHC complexes. The T cell becomes activated when that and parasites. Exogenous antigens may enter the cell by
phagocytosis/pinocytosis, or by receptor-mediated endo-number reaches a certain threshold, i.e. several thousand

TCR molecules (Viola and Lanzavecchia, 1996);seereview cytosis. For example, external antigens bound by B-cell
surface Ig are internalized and degraded in intracellularby Rothenberg (1996). Each TCR can engage multiple

peptide–MHC complexes serially, allowing each peptide– vesicles, generating peptides that are then carried to the B-
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Fig. 4 Molecular interactions at the interface between a CD41 T cell (bottom) and an antigen-
presenting cell (APC) (top). Antigen-specificity is conferred by the clonotypic T-cell receptor (TCR)
that recognizes an antigen peptide (black dot) bound to an MHC class II molecule (trimolecular
complex, TMC) (centre). Signal transduction is mediated by the invariant proteins of the CD3 complex
associated with the TCR. In addition to antigen-specific signalling via the TCR/CD3 complex, various
costimulatory signals are transmitted by interactions between costimulatory molecules and their ligands
(e.g. CD40 and CD40-L; CD28/CTLA-4 and B7–1/B7–2), or between cytokines and their receptors
(left). Large arrows indicate direction of signalling. Interactions between various adhesion molecules
strengthen the contact beween the T cell and the APC (right). Most adhesion and costimulatory
molecules belong to either the integrin or Ig family.

cell surface by MHC class II molecules where they trigger concentrations within the cell are common features of the
stimulation of cell proliferation in a number of cell types.CD41 helper T cells.

Apart from the recognition of a foreign peptide bound to The combination of these signals activates intracellular DNA-
binding proteins and transcription factors that initiate a cascadea self MHC molecule, the activation of T cells usually

requires the simultaneous delivery of costimulatory signals of events resulting in the proliferation and activation of the T
cell. Early events in CD28-mediated signal transduction mayby specialized antigen-presenting cells. Cells that act as

specialized antigen-presenting cells include the dendritic include binding and activation of phosphoinositide 3-kinase,
and perhaps a protein tyrosine kinase. TCR and CD28 signalscells, macrophages and B cells. Costimulatory signals are

often mediated by the interaction of membrane-bound appear to be integrated at the level of the mitogen-activated
protein kinase JNK. The JNK protein kinase phosphorylatescostimulatory molecules expressed on the T-cell surface (e.g.

a molecule called CD28) with their ligands on the surface the transcription factor c-Jun and thereby activates the AP-1
transcription factor, which is crucial for activation of the geneof the antigen-presenting cell (e.g. B7) (Fig. 4). T cells

whose antigen-receptors are ligated in the absence of such encoding interleukin-2 (IL-2).
These intracellular pathways of signal transduction,costimulatory signals become inactivated (‘anergic’) rather

than stimulated (Schwartz, 1996). The dual requirement for initiated by the binding of extracellular ligands to their
specific receptors, represent an obvious target forboth receptor ligation and costimulation helps to prevent

naive T cells from responding to antigens on self tissue cells, pharmacological intervention. In many instances at least
some of the intracellular signalling proteins are specificallywhich lack costimulatory activity.

The intracellular signalling pathways (not shown in Fig. 4) linked to the ligand–receptor system so that relatively
selective inhibition should be possible not only at the levelare mediated by the TCR–CD3 complex or CD28 and CTLA-

4 after binding of their respective ligands. TCR ligation is of the receptor–ligand interaction but also at the level of
intracellular signalling.followed by phoshorylation of the CD3-ζ chain. CD3-ζ then

binds and activates a cytosolic tyrosine kinase called ZAP-70
(zeta-associated protein-70). Subsequently, phospholipase C-
γ is phosphorylated and activated, leading to the generation ofSelf tolerance and autoimmunity

This leads to the question of how the immune systemsecond messengers that elevate intracellular Ca21 (inositol
trisphosphate) and protein kinase C (diacylglycerol), leading normally avoids reacting against self antigens, i.e. how it

remains ‘tolerant’ to self antigens, one of the fundamentalto a complex cascade of downstream events. The activation
of protein kinase C and the elevation of calcium-ion problems of immunology. It is becoming increasingly clear
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that self-tolerance is a state that needs to be actively the mechanisms that prevent the numerous, potentially
autoaggressive, T-cell clones from attacking the body’s ownmaintained by various mechanisms. It is also clear that an
tissues in the healthy organism. At present, these mechanismsunderstanding of these mechanisms is essential for
are poorly understood. Autoreactive T cells that have notunderstanding the pathogenesis of autoimmune disorders, and
been deleted in the thymus are controlled by peripheralfor developing immunotherapies. Unfortunately, the present
mechanisms of tolerance. As mentioned before, one suchknowledge in this area is still far from complete. Some of
mechanism is ‘clonal inactivation’ that occurs when anthe emerging concepts of tolerance and autoimmunity are
autoreactive T cell happens to encounter ‘its’ autoantigen onbriefly reviewed below.
a self-MHC molecule on a peripheral tissue, but fails toNot surprisingly, the random processes that create the
receive costimulatory signal(s) (Schwartz, 1996). Forenormous diversity of TCRs by somatic gene rearrangements
example, most tissue cells do not express B7, an importantgenerate large numbers of cells that are either useless (because
costimulatory molecule. Thus, it is possible that the peripheralthey do not recognize self MHC molecules), or dangerous
tissues help to preserve tolerance by constantly inactivating(because they recognize self antigens on self MHC). The
those autoreactive T cells that passed the thymic controlformer cells are thought to be eliminated (‘deleted’) by
mechanisms. However, if an antigen-presenting cell that haspositive selection, and the latter by negative selection. Both
costimulatory activity picks up a tissue-specific self-antigenthese processes occur in the thymus, an immune organ which
and presents it to an autoreactive T cell, an autoimmunecan be considered as a kind of school in which T cells are
reaction can be induced. Clonal inactivation is not the onlyeducated. The T-cell precursors that enter the thymus must
‘peripheral tolerance’ mechanism. A different, relatively ill-first learn to recognize self MHC molecules as the antigen-
understood and probably very complex mechanism is thepresenting facility. This is achieved by a selective process
active suppression of autoreactive T cells by ‘suppressor Tcalled ‘positive selection’. Next, they must learn to tolerate
cells’. B-cell tolerance is achieved by similarly complexthe self antigens present on MHC molecules. This seems to
mechanisms, including clonal deletion and anergy (Hodgkinbe achieved, at least in part, by eliminating some of the T
and Basten, 1995). Furthermore, some of the autoreactive Bcells that recognize self peptides bound to thymic MHC
or T cells may not need to be strictly controlled, becausemolecules (negative selection).
their autoantigen is either inaccessible or expressed only inIt seems that in maturating thymocytes, the TCR sends
very low amounts (in which case self-tolerance is said to begraded signals, depending on the nature and affinity of the
maintained by ‘clonal ignorance’).ligand it encounters. Weak signals are sufficient to select for

If the mechanisms of immunological tolerance fail, auto-survival, but inadequate to eliminate the developing (or to
immune diseases arise. For most autoimmune diseases, theactivate it once it matures). Such weak signals seem to lead
precise triggering process(es) are not known. It is thought,to positive selection, while stronger ones cause deletion.
however, that autoimmune diseases can be triggered byThymic selection is an extremely dynamic process, illustrated
certain infections in genetically susceptible individuals. Oneby the fact that ~98% of the thymocytes generated each day
possible mechanism for this loss of self-tolerance by infectiondie in the thymus by programmed cell death (apoptosis).
is that the infectious agents induce a change in antigenicityOnly those few T cells that survive this extensive screening
of the infected tissues. For example, genes that are notwill eventually leave the thymus as mature T cells. In this
normally transcribed might be ‘turned on’, or normal geneway, a useful and non-damaging repertoire of TCRs is
products might be altered at the post-transcriptional levelgenerated.
so that they become autoantigenic. Furthermore, infectious

Thymic deletion of potentially autoreactive T cells has
agents might induce costimulatory activity on tissue cells,

long been considered as the major mechanism for preventing
which express low levels of autoantigen but do not normally

autoimmunity. More recently, however, it has become clear
provide costimulatory signals. A second possibility is that

that the normal immune system contains many T cells capable
antibodies or T cells generated in the response to an infectious

of recognizing autoantigens expressed in the thymus (foragent cross-react with self-antigens (molecular mimicry).
review, seeWekerleet al., 1996). Many proteins previously Until now, attempts to identify a particular infectious agent
considered to be specific for ‘peripheral tissues’ and organshave failed for most autoimmune diseases. One of the reasons
are in fact expressed in the thymus. Interestingly, theseis that most autoimmune diseases develop gradually, making
thymically expressed proteins include some encephalitogenicit difficult to determine the exact timepoint of disease onset.
antigens of the nervous system, such as myelin basic proteinIt is likely that the continued presence of the triggering
(MBP) and S100β (Wekerleet al., 1996). T cells recognizing infectious agent is not required for disease progression and
these antigens exist in the normal immune system. Therefore,that it has long disappeared when the first symptoms appear.
the deletion of autoreactive T cells by thymically expressed
autoantigens is, at best, incomplete. Immunologists are

The immunopathogenesis of multiple sclerosis:considering the possibility that thymic autoantigens positively
‘shape’ the immune repertoire rather than simply delete thea hypothetical scenario
autoreactive T cells (Cohen, 1992; Wekerleet al., 1996). Before discussing various immunotherapies, let us consider

the current concepts of the immunopathogenesis of multipleIt is obviously very important to understand more about
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Fig. 5 Crucial steps in multiple sclerosis pathogenesis. Pre-existing autoreactive T cells are activated outside the CNS. The activated T
cells traverse the blood-brain-barrier and are locally re-activated when they recognize ‘their’ antigen on the surface of local antigen-
presenting cells. The activated T cells secrete cytokines that stimulate microglia cells and astrocytes, recruit additional inflammatory
cells, and induce antibody production by plasma cells. Anti-myelin antibodies and activated macrophages/microglia cells are thought to
cooperate in demyelination.Seetext for details. Modified from Gijbels (1995) with permission.

sclerosis. Based on animal experiments in EAE and One possibility is that the initial activation of autoreactive
T cells occurs via ‘molecular mimicry’ during bacterial orobservations in human multiple sclerosis, the following

scenario has emerged (Fig. 5). viral infection. Many bacterial and viral proteins share short
sequence homologies with autoantigens. It is important toIt is now accepted that potentially autoaggressive T

lymphocytes specific for MBP or other autoantigens of the note that contiguous identity is not required; even seemingly
unrelated amino acid sequences may, together with thecentral nervous system pre-exist in the normal immune

system of rodents (Schluesener and Wekerle, 1985) and ‘presenting’ MHC molecule, assume a structure that allows
them to cross-stimulate autoantigen-specific T cells. MBPprimates (Burnset al., 1983; Genainet al., 1994). These

autoreactive T cells must have escaped from the thymic serves as a good example to illustrate this important point.
One of the sequences preferentially recognized by humancontrol mechanism of clonal deletion. It is not known how

these potentially autoaggressive T cells are controlled in MBP-specific T cells is region MBP85–99of the MBP molecule
(Wucherpfenniget al., 1991; Martinet al., 1992; Hafler andnormal individuals. Possible mechanisms include peripheral

clonal inactivation (‘anergy’) and suppression (seeprevious Weiner, 1995; Hohlfeldet al., 1995; Steinmanet al., 1995;
Hafler et al., 1996). Using previously established structuralsection).

One of the first hypothetical events in multiple sclerosis criteria for T-cell-stimulating epitopes, an extensive database
search identified 129 viral and bacterial candidate peptidespathogenesis is the activation of anergic, suppressed or

ignorant T cells in the ‘periphery’ outside the CNS. How that matched thestructural features (not necessarily the
sequence) of the predicted molecular mimicry motif of thisthis initial activation occurs in multiple sclerosis patients is

not known. Experimental models show that there are several MBP region (Wucherpfennig and Strominger, 1995). Of
these candidate peptides, seven viral and one bacterialpossibilities that are not mutually exclusive and could be

successively involved in different stages of the disease. peptide could indeed efficiently activate MBP-specific T-cell
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clonesin vitro, although their primary amino acid sequence in autoantigen expression or breakage of an anatomical
barrier. Experimental support has been provided for most ofwas quite different from MBP85–99 (Wucherpfennig and

Strominger, 1995). These results exemplify that a single TCR these mechanisms, and it is likely that different human
autoimmune diseases are triggered by different mechanisms.can recognize distinct, but structurally related, peptides from

multiple pathogens, allowing for extensive cross-reactivity In addition, different mechanisms may operate at different
stages of the same disease.with seemingly unrelated antigens.

A different form of cross-reactivity that could also lead to Whatever the exact mechanism of the initial activation of
autoreactive T cells and their subsequent reactivation duringautoimmunity might occur at the level of the TCR. For a

long time it was accepted dogma that each T cell (or T-cell relapses, it is likely that this activation occurs outside the CNS.
As discussed in detail below, the CNS microenvironment hasclone) can express only one type of TCR, i.e. only one of

the two alleles of the TCR Vα and Vβ chain is rearranged a strong tendency to reduce and limit local immune reactions,
and therefore is not a likely site for autosensitization. Thisand functionally expressed (this phenomenon, which is also

observed with Ig genes in B cells, is referred to as ‘allelic notion, derived mainly from animal experiments, is indirectly
supported by MRI findings in multiple sclerosis demonstratingexclusion’). There are, however, interesting exceptions.

Allelic exclusion is not absolute for either the Vα or Vβ that brain and spinal cord lesions often occur concurrently
(Thorpeet al., 1996), strongly implicating a systemic triggerchain genes, and human T cells expressing two different

TCR Vα (Padovanet al., 1993) or Vβ chains (Davodeau for disease activity.
Once the autoantigen-specific, pathogenic T cells haveet al., 1995; Padovanet al., 1995) have been described. In

such T cells, one Vβ (or one Vα) chain would be expressed been activated, they must find their way into the CNS (Fig. 5).
Although it is firmly established that the blood–brain barrieralong with two Vα (or two Vβ) chains so that two types of

αβ TCR could form and appear on the cell surface. If one is impermeable for circulating large molecules and for most
cells, there is compelling evidence that activated T cells canthe two receptors was specific for say, a bacterial antigen

and the other for an autoantigen, and the T cell became enter the CNS irrespective of their antigen specificity
(Wekerle et al., 1986). Viewed teleologically, the selectiveactivated during a bacterial infection, then the activated anti-

bacterial T cells would represent activated autoantigen- properties of the barrier make sense. Consider the case of a
systemic infection with a potentially neurotrophic virus, e.g.specific T cells that could trigger an autoimmune attack

against the antigen recognized by their second (autoreactive) herpes simplex virus. T cells specific for viral determinants
will be stimulated and activated in the periphery. This endowsαβ TCR.

Furthermore, potentially autoaggressive T cells could be them with the capacity to traverse the blood–brain barrier so
that they can scan the CNS for the presence of the virus.activated in the periphery by stimulation with a viral or

bacterial ‘superantigen’. Superantigens stimulate T cells by Thus, the CNS is by no means a ‘blind spot’ of the immune
system but an area constantly surveilled by T cells engagedcross-linking their TCRβ-chain with an HLA class II

molecule expressed on another cell (Marrack and Kappler, in an ongoing infection. If the T cells encounter ‘their’
foreign antigen in the CNS, they will eliminate it. Problems1990; Kotzin et al., 1993; Schereret al., 1993; Fleischer,

1994). Because the superantigen-binding site of the TCR could arise only if the activated T cells (cross-)react against
an autoantigen expressed in the CNS. In this case, the localβ-chain is shared between many different T-cell clones,

superantigens can activate large numbers of T-cell clones recognition of autoantigen by T cells may initiate a vicious
circle of immunopathological reactions (seebelow).specific for many different antigens, including autoantigens.

Thus, superantigens could initially activate (or later re- Upon activation, T cells increase their expression of
‘adhesion molecules’, and this allows them to attach toactivate) autoimmune T cells expressing a particular Vβ

chain. This concept may be relevant to multiple sclerosis and endothelial cells expressing the appropriate counter-receptors
(Butcher and Picker, 1996). Endothelial cells can expresshas been indirectly supported by animal experiments in which

relapses and exacerbations of EAE could be induced with tissue-specific ligands, thereby guiding T cells to specific
sites, depending on the particular combination of adhesionstaphylococcal superantigens (for review,seeBrocke et al.,

1994). It should be noted, however, that injection of the same receptors expressed on the T cells and endothelial cells,
respectively (Butcher and Picker, 1996). The extravasationsuperantigens into naive (nonprimed) mice did not induce

any signs of EAE (Brockeet al., 1993). This would not of leucocytes is thought to occur in four steps. The first of
these is mediated by selectins, which recognize carbohydratesupport a role of superantigens as theinitial trigger of multiple

sclerosis, but would be consistent with their participation in epitopes of glycoproteins. Selectin-mediated adhesion is
weak, and allows leucocytes to roll along the vascularlater stages.

Apart from activation by molecular mimicry, dual TCR endothelial surface. The second step depends upon
interactions between the leucocyte integrins, e.g. leucocyteexpression, or superantigens, autoreactive T cells could also

be stimulated by completely nonspecific mechanisms, such function-associated antigen (LFA-1), with molecules on
endothelium such as the Ig-related molecule, intercellularas the exposure to high local concentrations of cytokines

secreted in the course of unrelated inflammatory reactions. adhesion molecule (ICAM)-1. This binding arrests the rolling
and allows the leucocyte to attach firmly to the endothelium.Furthermore, loss of self-tolerance could result from a change
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In the third step the leucocyte squeezes through the endothelial (Vass and Lassmann, 1990; Lassmannet al., 1991a, b, c;
Fabryet al., 1994).wall (diapedesis). The fourth step is the migration of the

Once the inflammatory reaction has been fully ignited,leucocytes through the tissues along a concentration gradient
the local brain microenvironment will change rapidly. Theof chemoattractant molecules (chemokines) secreted by cells
concentrations of inflammatory mediators rise sharply, leadingat the site of inflammation. It is clear that the various adhesion
to changes in the blood–brain barrier and allowing a secondarymolecules involved in the extravasation process are potential
influx of monocytes and other inflammatory cells (Fig. 5).targets for immunotherapy.
During the different stages of acute and chronic lesions,Once having entered the brain, the activated autoreactive
different cells may play different roles. This is exemplifiedT cells must be confronted with CNS autoantigens within
by the complex role of astrocytes. In some situations,the CNS parenchyma. Animal experiments in which EAE
cytokine-stimulated astrocytes might act as fully competentcan be transferred into previously healthy recipients by the
(Fontanaet al., 1984) or partially competent (Weberet al.,injection of activated CD41, MBP-specific, T cells (for
1994) facultative antigen-presenting cells during an earlyreview, see Wekerle et al., 1994) indicate that the first
stage of lesion development. Under different conditions,intruders are autoantigen-specific CD41 T cells. CD41 cells
however, the same astrocytes can produce local inhibitoryrecognize their antigen as peptides embedded in MHC class
signals that limit the activity of lesions during a laterII molecules located on the membranes of antigen-presenting
stage (Meinl et al., 1994; for review,see Shrikant andcells (Fig. 3). Which of the MHC-expressing cells at the
Benveniste, 1996).blood–brain barrier or in the adjacent CNS parenchyma could

An important lesson from EAE is that many proteins of thethen act as antigen-presenting cells? Clearly, this question has
nervous system are potentially encephalitogenic (Wekerlenot been definitely answered, but the most likely candidates
et al., 1994; Lassmann and Vass, 1995). Apart from MBP,include perivascular macrophages and microglia cells, at least
the autoantigen of classic EAE, other myelin antigens suchduring the initial stages of the autoimmune reaction (for
as proteolipid protein (PLP) and myelin-oligodendrocytereviews on microglia cells and their role in inflammatory
glycoprotein (MOG) can all induce experimental encephalo-CNS disease,seeFabryet al., 1994; Raine, 1994; Wekerle,
myelitis under appropriate conditions. An experimental auto-1994; Kreutzberg, 1996; Shrikant and Benveniste, 1996).
immune encephalitis can even be induced with nonmyelinOne subpopulation of perivascular cells seems to express
antigens such as S100β, which is abundantly expressed inMHC class II antigens constitutively, that is even without
astroglia but not oligodendrocytes (Kojimaet al., 1994).requiring activation. Other brain cells require stimulation
Interestingly, any single autoantigen may produce different

with proinflammatory cytokines to express MHC class II
types of clinical course and pathology in different strains

antigens along with various cellular adhesion molecules,
of the same animal species (note that each inbred strain

including B7 (Wekerleet al., 1994; Williamset al., 1994).
corresponds to one individual of an outbred species!). Further-

The cytokines could come initially from activated CD41
more, the topography of lesions may be strictly dictated by

autoreactive T cells entering the CNS and later also fromthe nature and origin of the autoantigen. Antigens present in
other, secondary recruited inflammatory cells and fromthe compact myelin, such as MBP and PLP, produce lesions
activated glia cells (Fabryet al., 1994). The proinflammatory located in areas with the thickest myelin sheaths (spinal cord,
cytokines that most efficiently induce and recruit additionalbrainstem; Lassmann and Vass, 1995). In contrast, MOG, an
inflammatory cells include interferon-γ, lymphotoxin and antigen localized exclusively on the myelin surface, is present
tumour necrosis factor-α (TNF-α). in high concentrations in areas with many thin myelin sheaths.

Like all immunological reactions, the recruitment of local The sites of inflammation observed after transfer of MOG-
antigen-presenting cells must be considered as a dynamicspecific T cells include the periventricular and cerebellar
process. A few strategically localized antigen-presentingwhite matter (Lassmann and Vass, 1995). The inflammation
cells, constitutively expressing MHC class II together with induced by S100β-specific T cells involves the cerebral
sufficient myelin peptides released from adjacentcortex, retina and uvea in addition to the typical white matter
oligodendrocytes and myelin sheaths during physiologicallesions (Kojimaet al., 1994). The cellular composition of
turnover, may be sufficient to stimulate some of the arrivingthe infiltrates also varies between the different EAE models.
CD41 autoreactive T cells (Fig. 5). These T cells are re-For example, the lesions are composed predominantly of T
activated, produce more proinflammatory mediators, and sooncells in S100β-induced disease (Kojimaet al., 1994), whereas
other local cells will be recruited to express MHC class II activated macrophages predominate in MBP-induced EAE
and costimulatory molecules (for review,seeShrikant and lesions (Hickeyet al., 1983; Matsumoto and Fujiwara, 1988).
Benveniste, 1996). Thus, there is a hierarchy of inducibility Translated to multiple sclerosis pathogenesis, these
of such ‘facultative’ antigen-presenting cells; perivascularobservations could help to explain the heterogeneity of the
monocytes and microglia cells are activated first and mostdisease (Lucchinettiet al., 1996). Like in EAE models,
easily (some express MHC class II molecules evenheterogeneity could reflect individual patterns in response to
constitutively), and activation of other microglia cells, the same antigen, or a variable response to different antigens,

or both. The situation is further complicated by the possibilitypericytes and perhaps endothelial cells and astrocytes follows
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that different autoantigens might be involved during different specific T cells, autoantigen-specific B cells, antigen-
presenting macrophages and glia cells, and autoantigen arestages of multiple sclerosis. Again, the basis for this concept

of ‘determinant spreading’ lay in animal experiments. The all concentrated in the same local microenvironment. In
addition to locally produced Igs, systemically producedconcept maintains that in immunized animals an initial

response, which may be restricted to only one dominant antibodies could gain access to the CNS when the blood–
brain barrier becomes leaky as a consequence of localepitope of the autoantigen (perhaps mimicking a foreign

antigen) may later spread to additional determinants inflammation.
There is very little information on antibody-mediated(intramolecular spreading; for reviews,see Sercarzet al.,

1993; Miller et al., 1995a). Even more complex, the demyelination. There is evidence that after binding to the
myelin surface, demyelinating autoantibodies activateencephalitogenic immune response may spread from one

CNS autoantigen to another (intermolecular spreading). For complement and attract macrophages/microglia (for reviews,
seeCompstonet al., 1991; Hartunget al., 1995; Brosnanexample, in chronic-relapsing EAE induced by immunization

with a peptide of PLP, the order in which new determinants are and Raine, 1996). The macrophages contribute to
demyelination not only by physically ‘stripping’ the myelinrecognized during the course of disease follows a predictable

sequential pattern, in that the immune response spreads to but also by directed release of complement and inflammatory
mediators, including reactive oxygen species and eicosanoidsother determinants of PLP and to a different autoantigen,

MBP (Yu et al., 1996a). The most popular explanation for (seebelow). Furthermore, macrophages secrete TNF-α, also
thought to participate in myelin injury (Brosnanet al., 1988;determinant spreading is that the tissue damage that occurs

during the early stage of the inflammatory response leads to Selmaj and Raine, 1988; Selmajet al., 1991c). In addition,
some mediators and cytotoxic factors are presumablythe secondary sensitization of T cells against additional,

different determinants (Sercarzet al., 1993). An additional provided by activated glial cells, thus contributing to myelin
injury (Selmajet al., 1991b; Cannella and Raine, 1995). Formechanism could be ‘clonal exhaustion’ (depletion) of

activated autoreactive T cells, e.g. by local apoptosis. At example, reactive astrocytes in multiple sclerosis lesions
contain NADH diaphorase activity, reflecting nitric oxidepresent, there is no solid evidence that determinant spreading

occurs in human multiple sclerosis. This is not surprising, synthase catalytic activity (Bo¨ et al., 1994). The synthesis
of nitric oxide, a reactive nitrogen metabolite with broadsince it is not even known which of the various

encephalitogenic autoantigens of the different EAE models antimicrobial and proinflammatory activity, is probably
induced by proinflammatory cytokines such as TNF-α, IL-1are involved in multiple sclerosis.

Thus far, our discussion of the immunopathogenesis of and interferon-γ (Lowenstein and Snyder, 1992; Choi, 1993;
Liu et al. 1996b). In multiple sclerosis lesions, strongmultiple sclerosis has focused on autoreactive T cells. It is

becoming increasingly clear, however, that B cells and their expression of inducible nitric oxide synthase was observed
in macrophages in regions of active demyelination (De Grootproducts, antibodies, are equally important, especially for

demyelination. The lesions of classic MBP-induced EAE inet al., 1997).
A key assumption of the scheme shown in Fig. 5 is thatLewis rats, which are produced by the transfer of purified

MBP-specific T cells alone, are mainly inflammatory, not only the initial steps of the immunopathological chain reaction
involve specific antigen recognition by autoreactive T cellsdemyelinating. If, however, a MOG-specific monoclonal

antibody is co-injected with the T cells, large demyelinating and autoantibodies. These initial events trigger a complicated
inflammatory cascade. The most important cells of the laterlesions develop (Liningtonet al., 1988; Genainet al., 1995a).

That the transfer of T cells is necessary, but by no means stages are the macrophages and glia cells, especially microglia
(Perry et al., 1993). These cells produce a large number ofsufficient for demyelination, has not only been observed with

MBP-specific T cells but also with T cells specific for other biologically active substances and inflammatory mediators.
Macrophages phagocytose corpusculate tissue debris andCNS autoantigens, such as MOG and S-100β. Also in those

models, demyelinating lesions develop after co-injection of then digest the ingested material. Soluble material, such as
immune complexes (i.e. antigens bound to antibody) areanti-MOG antibody (Liningtonet al., 1993; Kojimaet al.,

1994). These observations support the concept that T cells internalized by macrophages following attachment to surface
receptors (receptor-mediated pinocytosis). Macrophagesspecific for various CNS autoantigens initiate inflammation

and open the blood–brain barrier, whereas autoantibodies express various receptors for Ig and two distinct receptors
for the third component of complement. The various cytotoxicagainst surface antigens of myelin or oligodendrocytes are

required to produce demyelination (for reviews,seeWekerle or proinflammatory substances produced by macrophages
include protein-degrading enzymes (such as elastase,et al., 1994; Lassmann and Vass, 1995). Furthermore,

autoreactive helper T cells might locally cooperate with collagenase, lysosomal enzymes, etc.), cytokines and
chemokines (especially IL-1, TNF-α, IL-6, IL-8, IL-12),autoreactive B cells in the production of anti-myelin

autoantibodies, especially in chronic lesions (the ratio of complement components, active oxygen molecules (including
free radicals) and a number of eicosanoids (includingT cells to B cells was ~190 : 1 in early and 6.6 : 1 in late

lesions;seeOzawaet al., 1994). Locally produced Igs are prostaglandin E2, prostacyclin, thromboxane A2, and
leukotrienes B4 and C4). These factors stimulate otherpresumably enriched in autoantibodies, because autoantigen-
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inflammatory cells and contribute directly to local tissue apoptosis are based on EAE experiments. In multiple
sclerosis, no autoantigen has been established and there-injury, not only affecting myelin and oligodendrocytes but

also the blood–brain barrier. The barrier becomes more leaky, fore, epitope spreading has not been demonstrated. Interes-
tingly, however, apoptotic T cells have indeed been observedallowing the influx of additional soluble factors from the

blood, which further amplify the immune reaction (Fig. 5). in multiple sclerosis lesions (Ozawaet al., 1994).
It is likely that other local mechanisms of lesionIt seems that, in principle, macrophage- and microglia-

induced demyelination may occur even in the absence of a confinement exist, apart from the apoptosis of autoantigen-
specific T cells. During lesion development, counter-myelin-specific antibody or T-cell response; transgenic mice

in which the expression of a macrophage/microglia activating regulatory or protective mechanisms seem to gain strength
and eventually override the proinflammatory factors. Incytokine, IL-3, was targeted to astrocytes, developed

multifocal, plaque-like demyelinating lesions containing large some instances, the same factor may play a dual role,
proinflammatory or anti-inflammatory and protective,numbers of proliferating and activated foamy macrophage/

microglia cells (Chianget al., 1996). Thus, chronic CNS depending on the disease stage. For example, the same cells
that initially produce proinflammatory signals, may laterproduction alone of low levels of IL-3 promotes the

recruitment, proliferation and activation of macrophage/ switch to the production of downregulatory factors. We found
that human astrocytes produce soluble factors that inhibit T-microglia cells in CNS white matter with consequent primary

demyelination. cell proliferation, provided the astrocytes were first exposed
to signals from activated T cells (Meinlet al., 1994). A dualWhy does the clinical (and MRI) activity of individual

multiple sclerosis lesions eventually resolve spontaneously role has also been proposed for the heat-shock proteins (hsp).
High levels of hsp60 in structurally intact oligodendrocyteswithout treatment? This question is as difficult to answer as

is the question why and how lesions arise in the first place. in acute multiple sclerosis lesions could indicate a protective
role, whereas in chronic active lesions, hsp60 might act asAt present, we assume that the primary systemic activation

of autoreactive T cells is usually monophasic and abates an autoantigen recognized by T cells expressing theγδ
receptor (for reviews,see Raine et al., 1996; Brosnanwhen the precipating factors, e.g. infections are cleared.

Furthermore, there is some evidence that during theet al., 1996).
Not only do the functional properties of cells changerecovery phase of clinical or MRI activity there is an

increased systemic production of downregulatory cytokines during lesion evolution, the physical structure of the cellular
microenvironment changes too. For example, myelin andsuch as transforming growth factor (TGF)-β and IL-10

(Rieckmannet al., 1994). This would indicate that systemic oligodendrocytes are increasingly lost and partly replaced by
reactive astroglia (Prineas, 1985; Raine, 1991; Lassmann anddownregulatory factors at least contribute to the stabilization

of lesions. In addition, local factors of lesion confinement Vass, 1995). Because of the permanent structural changes, it
is unlikely that existing lesions completely return to a normalare perhaps even more important during this phase. One such

mechanism could be the local elimination of autoreactive T immunological status. This may be one of the reasons why
MRI activity (contrast enhancement) often recurrs in areascells. There is indeed evidence that many T cells die

via apoptosis (‘programmed cell death’) after local (re-) of pre-existing lesions (Barkhofet al., 1992; McDonaldet al.,
1992; Miller and Nauta, 1993).stimulation in the CNS (for review,seeBaueret al., 1995).

Apoptosis occurs in activated T cells under certain condi- The preceding discussion of the pathogenesis of multiple
sclerosis could only provide a rough outline of the presenttions, e.g. ligation of the ‘death receptor’ Fas by its ligand

(Fas-L). Both molecules are upregulated on activated T cells concepts. Clearly, a thorough understanding of the
pathophysiology of the disease is the basis for rational(Crispe, 1994; Lynchet al., 1995; Nagata and Golstein,

1995). It has been suggested that apoptosis, which would treatment and prevention (Hauser, 1994). The various
strategies for the immunotherapy of multiple sclerosis willlead to the self-destruction of the autoantigen-specific T cells

in the lesions, is particularly pronounced in the CNS, although be the subject of the remaining part of this article.
it may occur in other tissues as well (Baueret al., 1995).
Local apoptosis of autoreactive T cells might indeed explain
certain characteristics of CNS autoimmunity such as the

Part 2: immunotherapeutic strategiesmonophasic course and resistance against re-induction of
Introduction: advances in immunology andclassical EAE, and the phenomenon of ‘epitope spreading’

discussed earlier in this section. Hypothetically, the populationbiotechnology
The novel immunotherapies discussed in the second part ofof autoreactive T cells that initiates a lesion could be partly

or completely eradicated by this mechanism. Assuming that this article can be considered as ‘biotechnological therapies’,
because they attempt to manipulate immunological processesthis is the case, the next wave of inflammatory activity would

be mediated by T cells of slightly different specificity, with biotechnological products designed to mimic, inhibit or
otherwise interact with naturally occurring polypeptides orexplaining why the epitope recognized by the T cells has

apparently ‘spread’ or shifted. It must be emphasized, how- polynucleotides. The following aspects will be emphasized
throughout the discussion of individual treatment strategies:ever, that the concepts of epitope spreading and local
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(i) immunological principles and rationale, (ii) experimental solved in 1987. The techniques for the generation of
transgenic mice and for gene targeting by homologousand clinical evidence and (iii) problems.

Therapies with conventional ‘chemical’ immuno- recombination were also developed during this time. Now,
in the late nineties, the human genome project is progressingsuppressants will not be addressed (for critical reviews,see

Ebers, 1994; Polman and Hartung, 1995; Thompson and rapidly. Cytokines and neurotrophic factors are booming
areas (Yuen and Mobley, 1996). Refined recombinant DNANoseworthy, 1996). Likewise, strategies to foster myelin

repair and remyelination, using neurotrophic factors or other techniques allow for genetic engineering and design of
proteins almost ‘at will’. Most of these discoveries haveagents, are fascinating but also beyond the scope of this

article (for reviews on remyelination strategies,seeFranklin, already had a profound impact on clinical medicine, especially
in the pathophysiological understanding and diagnosis of1993; Compston, 1995; Duncan, 1996; McMorris and

McKinnon, 1996; Milleret al., 1996b). genetic disorders. Therapeutic applications are growing
rapidly. Novel techniques for drug design, such asBiotechnological agents for immunotherapy are being

developed not only for multiple sclerosis but also for other combinatorial chemistry, rapid screening of compound
‘libraries’ and structure-based drug design are likely todisorders and immunological conditions such as rheumatoid

arthritis and organ transplantation (Lanzavecchia, 1993). A revolutionize pharmaceutical chemistry (Petsko, 1996).
recurrent theme is that an optimal therapy should induce or
reinduce a lasting state of tolerance that does not require
long-term immunosuppression. As will be seen in theProtein engineering techniques

Novel proteins can be engineered by altering the DNAfollowing, most of the novel immunotherapeutic agents
do seem to require continuous long-term application, but sequence of the cloned gene (site-directed mutagenesis).

Large parts of a gene can be deleted by cutting out a segmentstrategies aiming at a lasting tolerance state are also in sight.
The therapies discussed here direct phases of the disease with restriction endonucleases and ligating the remaining

portions to form a smaller gene. Parts of two different geneswhere inflammation and (auto)immune reactivity is
prominent. Because immunological activity of the disease is can be ligated to create new combinations (the product of

such a fused gene is called a ‘fusion protein’). In fact,likely to change over time, it cannot be expected that all
therapies will be suitable for all phases and for all clinical ingenious methods exist to bring about virtually any gene

alteration. The techniques of protein and nucleic acidtypes. Progress in clinical trial and MRI methodology should
facilitate the rational selection, application and critical chemistry are highly synergistic for protein engineering, so

that investigators can easily move back and forth betweenevaluation of immunotherapies and to determine their optimal
time frame during the disease course (for reviews,see gene and protein.

Protein engineering techniques are, for example, widelyWhitaker et al., 1995; Miller et al., 1996a; Rudick et al.,
1996a; Lublin et al., 1997). used for the design of monoclonal antibody variants

(‘antibody engineering’). The major impediment to therapy
with monoclonal antibodies in humans is that most
monoclonal antibodies are made in mice, since it has beenThe biological revolution

Heralded by the discovery of DNA as the primary genetic difficult to produce human monoclonal antibodies from
hybridomas. Unfortunately, human patients rapidly developmaterial and identification of its double-helical structure, the

‘biological revolution’ began in the fifties and has continued an antibody response to these foreign mouse proteins. Once
this has happened, all mouse monoclonal antibodies becomeuntil today. Since every new discovery and technological

breakthrough further speeds progress, the growth curve of useless in that patient.
One way to avoid this problem is to clone human V regionknowledge is exponential rather than linear. Obviously,

the advances of modern biology have a profound impact genes into a ‘phage display’ library (Winteret al., 1994;
Marks and Marks, 1996). The phage display technique allowson medicine in general, and on immunology and

immunopharmacology in particular. To mention only a few— the construction of antibodies of predetermined binding
specificity by using libraries of associated heavy and lightperhaps arbitrary—landmark dates, the basic concepts of

immunological tolerance were formed in the late fourties and chain variable domains expressed on the surface of
filamentous bacteriophages (so-called phage-antibodies).early fifties; the immunological function of the thymus was

first described in 1961; the structure of Igs was illucidated Rare phages are selected from the repertoire by antigen
binding; soluble antibody fragments are expressed fromduring the sixties; the generation of monoclonal antibodies

was reported in 1975; the genetic basis of antibody diversity infected bacteria; the affinity of binding of selected antibodies
is then improved by mutagenesis techniques (Winteret al.,was described in 1976; the chemical cleavage and chain-

termination methods for DNA sequencing were published in 1994).
A second approach is to introduce transgenes for human1977. In the early to mid-eighties the T-cell receptor was

identified as a protein and cloned as complementary DNA Ig heavy and light chain loci into mice that lack endogenous
Ig genes. B cells in these transgenic mice should have(cDNA). The polymerase chain reaction (PCR) was devised

in the mid-eighties, and the structure of MHC molecules was receptors encoded by human Ig genes but would not be
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two arms of different specificity, could be used to target a
cell or ligand to another cell.

Other types of fusion proteins (‘immunoadhesins’) make
use of those antibody properties that are associated with the
Fc region. For example, a fusion protein of the extracellular
domain of the TNF receptor (TNF-R) and the Fc portion of
human IgG has the dual advantage that it is bivalent (i.e.
contains two TNF-R moieties) and has a similar half-life and
bioavailability to human IgG antibodies (Fig. 6). Many
engineered proteins of this type are eventually recognized
as foreign. Therefore, successful therapy with engineered
proteins is often limited to a short period of time before
neutralizing antibodies develop.

Fig. 6 Immunotherapies directed against tumour necrosis factor
(TNF)-α and lymphotoxin (LT)-α. TNF-α and LT-α are
homotrimeric cytokines that play a central role in the
pathogenesis of multiple sclerosis. Both cytokines bind to two Immunological gene therapy and anti-sense
types of receptor, TNF-R55 and TNF-R75. Soluble forms of oligonucleotide therapyTNF-R (sTNF-R), which are shed from the cell surface, can bind

‘In contrast to many previous medical revolutions such asand thus neutralize TNF-α and LT-α. For therapy, sTNF-R was
anaesthesia, antibiotic therapy and organ transplantation, genefused to the Fc part of human Ig (upper right). Monoclonal anti-

TNF antibodies could be used to neutralize TNF (upper left). therapy has an upside-down history—one in which the
conceptual advance has become widely accepted and firmly
established as a medical principle before even a single
instance of clinical efficacy has been demonstrated’ (cited
from Friedmann, 1996). This statement is all the more true fortolerant to most human proteins. It is therefore possible to

produce monoclonal antibodies that are indistinguishable the application of gene therapy techniques to immunological
diseases other than genetic immunodeficiency syndromes,from human antibodies by immunizing such mice with human

cells or proteins. A third approach is to replace large portions although it is conceivable that gene therapy will eventually
be applied to treatment of acquired autoimmune diseasesof mouse monoclonal antibodies with human sequences to

generate ‘chimeric’ or ‘humanized’ monoclonal antibodies, such as multiple sclerosis. For example, recombinant vaccinia
virus containing DNA of the antigen-specific receptor ofwhich should be less immunogenic in humans than are

unaltered mouse antibodies. autoaggressive T cells has been used for T-cell receptor
vaccination to protect mice from EAE (Chunduruet al.,The single-chain variable portion of Ig molecules (sFv)

represent another example of engineered antibody that 1996). Vaccination of H-2u mice with naked DNA encoding
T-cell receptor Vβ8.2 protected mice from EAE and shiftedconsists of a single polypeptide chain in which the VH and

VL domains are connected by a flexible peptide ‘linker’ (for the autoimmune response from T helper cell (TH)1 to TH2
(Waismanet al., 1996).review,seeDe Kruif et al., 1996). Diverse repertoires of sFv

genes can be generated with the PCR either from VH and VL Experimental arthritis could be suppressed by gene transfer
of IL-1 receptor antagonist (IL-1ra) cDNA into joints,genes that had been rearrangedin vivo or from V gene

segments that are rearrangedin vitro. The repertoire of sFv mediated by synoviocytes transduced with a retroviral vector
carrying the IL-1ra cDNA (Makarov et al., 1996).genes is cloned into a phage vector to generate ‘phage

antibodies’ (phage display technology;see above). Inside Experimental autoimmune neuritis could be attenuated by
injection of neuritogenic T-cell lines transduced with aeach phage antibody is the vector DNA containing the gene

for the sFv. Phage antibodies binding to a specific antigen recombinant retrovirus containing the mouse nerve growth
factor gene (Krameret al., 1995). This experiment suggestscan be separated from nonbinding phage antibodies by affinity

chromatography on immobilized antigen. Repeated rounds a more general strategy in which genetically engineered
autoreactive T-cells are employed as vehicles to deliverof selection make it possible to isolate antigen-binding

phage antibodies that were originally present at very low therapeutically useful factors across the endothelial blood–
nerve or blood–brain barrier (Krameret al., 1995).frequencies.

The sFv molecules fused or chemically linked to cytokines, Furthermore, T cells (or other cells) could be co-transfected
with homing receptors that would determine the migrationtoxins, enzymes or drugs can serve as carriers to target

specific cells or sites. Antibodies coupled to toxins (called properties. In this way, it may eventually be possible to tailor-
design cellular carriers for neurotrophic factors, cytokines or‘immunotoxins’; for review,seeThrushet al., 1996) could

be used to kill activated T cells selectively. Bivalent cytokine inhibitors, which can guide these therapeutic agents
to any desired site.antibodies, with both arms of the same specificity, can increase

the affinity of antibody targeting. Bispecific antibodies, with Gene transfer of cytokines or cytokine inhibitors obviates
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the need for continuous external application. For example, (STATs), a family of transcription factors that contribute to the
gene transfer of soluble TNF-R and IL-10 has been achieveddiversity of cytokine responses (Ihle, 1996). The functional
in the mouse by intraperitoneal injection of cationic liposomesredundancy of cytokines can be explained partly by the fact
containing appropriate expression plasmid (Rogyet al., that the different members of a subfamily share a common
1995). On the other hand, it would be an obvious disadvantagesignal-transducing receptor component.
if the production of therapeutic factors could be turned off The ligand cytokines can also be grouped into families,
and it may indeed be possible in the future to control thebased on their structure, genetic organization, and cellular
activity of therapeutically introduced genes. source (Paul and Seder, 1994). Cytokine families include the

Rather than introducing functional genes, anti-sense oligo-haematopoietins, interferons, Ig superfamily members, and
nucleotide technology uses single-stranded oligonucleotidesthe chemokines (Paul and Seder, 1994). It appears that
which hybridize to the complementary strand of messengercytokines and their receptors have all diversified during
RNA and thereby prevent the mRNA from encoding aevolution. In higher animals, the ‘cytokine network’ has
functional protein. Antisense methods are firmly establishedreached such an enormous complexity that it is impossible
as research tools, e.g. for studies of gene expression, but theirto conceptualize it in a simple scheme. The complexity of
potential for clinical application is still at a relatively early the cytokine network is further increased by the fact that the
stage (Stein and Cheng, 1993; Askari and McDonnell, 1996).functional network involves not only soluble cytokines but

A different approach, to be mentioned here briefly, is toalso soluble cytokine receptors in addition to membrane-
design short RNA molecules that can specifically bind andassociated receptors and in some cases, membrane-associated
block proteins (‘RNA decoys’). Usingin vitro selection cytokines (‘tethered ligands’). A soluble form of receptor
techniques, ‘designer’ decoy RNAs have been isolated fromexists for many if not most cytokines and is usually generated
large pools of random RNA molecules that bind with high by proteolytic cleavage of the receptor protein or by
affinity to several proteins, including a few that do not alternative splicing of its messenger RNA (Heaney and
naturally interact with nucleic acids. For example, a designerGolde, 1996).
decoy RNA was identified that binds and blocks a monoclonal The cytokine-based immunotherapies that can be envisaged
antibody recognizing the human insulin receptor; thisfor multiple sclerosis follow one of two basic strategies. The
nuclease-resistant variant decoy RNA was isolated from anfirst strategy is to administer ‘downregulatory’ cytokines,
RNA library containing 29-amino pyrimidines (Lee and such as interferon-β, IL-10, or TGF-β. It should be kept in
Sullenger, 1996). This RNA derivative is.10 000-fold more mind, however, that cytokines with exclusively down-
stable than unmodified RNA in serum and can inhibit anti-

regulatory (or exclusively proinflammatory) properties do not
insulin autoantibodies from patients with insulin resistance,

exist. The second strategy is to administer inhibitors of
suggesting that decoy RNAs selectedin vitro may be able to

proinflammatory cytokines. For example, one could use a
block oligoclonal autoimmune responses to self-antigens

genetically engineered (‘humanized’) monoclonal antibody
selectively in patients with autoimmune diseases (Lee and

for inhibition of TNF-α. Alternatively, one could designSullenger, 1996).
recombinant TNF receptor constructs for neutralization of
circulating TNF. Finally, one could make therapeutic use of
naturally occurring cytokine inhibitors or antagonists, suchTherapy with cytokines and anti-cytokines
as the IL-1 receptor anatagonist, a naturally occurring com-Cytokines are soluble peptides that mediate intercellular
petitive inhibitor of the proinflammatory cytokine IL-1communication. They act by binding to high-affinity receptors
(Dinarello and Thompson, 1991; Arend, 1993).expressed on target cells and by inducing biochemical signals

One consequence of the complexity of the cytokinewithin those cells. Cytokines are not only released by cells
network is that it is virtually impossible to predict the overallof the immune system but also by many other cell types. Many
effect that a given cytokine or cytokine inhibitor may haveeffects of cytokines are redundant, i.e. different cytokines
in vivo. Although it is obviously essential to test the safetycan induce similar or identical effects. Furthermore, most
and efficacy of cytokine-based therapies in animal models,cytokines have a multitude of different biological effects, i.e.
totally unexpected, severe adverse effects may still occur inthey are ‘pleiotropic’ (Table 1) (Paul, 1989; Paul and Seder,
clinical trials in patients. This is emplified by a tragic episode1994). Neurotrophic factors, a special class of cytokines that
that occurred in 1995 when genetically engineered IL-12act mainly on neuronal cells but may also affect immune
severely harmed several patients with renal cell carcinoma.cells (Torciaet al., 1996), are not included in Table 1.
It was particularly disturbing that the cytokine had beenThe receptors for cytokines can be grouped into families
previously tested not only in animal experiments but also in(Taniguchi, 1995; Ihle, 1996). Signalling by these receptors
patients in another pilot trial without adverse effects. Itdepends on their association with a novel family of protein
appears that a slight difference in mode of application wastyrosine kinases termed Janus kinases (Jaks), which couple
critical. This instance reminds us that any therapy is ultimatelyligand binding to tyrosine phosphorylation of intracellular
empirical, regardless of how solid its theoretical foundationssignalling proteins recruited to the receptor complex. Among

these are the signal transducers and activators of transcription appear to be.
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Table 1 Source and major effects of cytokines

Cytokine Sources Effects on

B cells (B) T cells (T) Macrophages (M) Other cells (OC)

IL-1 M, OC 1 1 1 1 (pleiotropic effects on many cells)
IL-2 TH1, OC 1 1 1
IL-3 T, OC 1 1 (haematopoetic growth factor)
IL-4 TH2, OC 1 1 (TH2) 1 (pleiotropic effects on many cells)
IL-5 TH2, OC 1 1 (eosinophils)
IL-6 TH2, B, M, OC 1 1 1 (e.g. release of acute phase proteins;

haematopoetic factor)
IL-7 Stromal cells 1 (pre-B cells) 1 (thymocytes)
IL-8 M, T, OC 1 (attractant) 1 (e.g. neutrophil attractant; angiogenic

factor)
IL-9 T 1 1 1 (erythroid precursors)
IL-10 T, B, M, OC 1 1 (TH2) 2 1 or 2 (OC)

2 (TH1)
IL-11 Stromal cells 1 (haematopoetic progenitors)
IL-12 M, B, OC 1 (TH1) 1 (NK, hematopoetic cells)
IL-13 TH2 1 1 or 2 1 or 2 (OC)
IL-14 B, T, OC 1
IL-15 M, many OC 1 1
IL-16 T (CD8) 1 (chemo- 11 (chemo-

attractant for attractant for
CD41 T) CD41 M)

IL-1 ra M, OC 2 2 2 2 (many OC)
IFN-α B, T, M Complex actions;seetext
IFN-β Fibroblasts, Complex actions;seetext

many OC
IFN-γ T, OC Complex actions;seetext
IFN-ω leucocytes, OC limited information available
TNF-α M, T, OC 1 1 1 1 (pleiotropic effects on many cells)
LT (TNF-β) T, OC Similar to TNF-α
GM-CSF T, M, OC 1 1 (growth factor for progenitors and OC)
TGF-β Many cells 2 2 1 or 2 1 or 2 (highly pleiotropic;seetext)
MCP-1 M, T, OC 1(attractant) 1 (attractant)
MIP-1 M, B, T, OC 1 (attractant) 1 (attractant) 1 (e.g. attracts neutrophils, eosinophils)
IP-10 M, T, OC 1 (attractant) 1 (attractant) 1 (e.g. promotes adhesion to activated EC)
RANTES T, M, many OC 1 (attractant) 1 (attractant) 1 (e.g. attracts eosinophils)

1 5 stimulatory effect;2 5 inhibitory effect (blank5 unknown, minor or absent effect); B5 B-lymphocyte; EC5 endothelial cell;
GM-CSF5 granulocyte-macrophage colony-stimulating factor; IFN5 interferon; IL 5 interleukin; IL-1 ra5 IL-1 receptor antagonist;
LT 5 lymphotoxin; M 5 monocyte/macrophage; MCP5 monocyte chemoattractant protein; MIP5 macrophage inflammatory protein;
IP-1 5 interferon-γ-inducible protein; OC5 other cells; RANTES5 ‘regulated on activation, normal T cell expressed and secreted’;
T 5 T-lymphocyte; TGF5 transforming growth factor; TH15 T helper type 1 cell; TNF5 tumour necrosis factor. Note that the Table
can provide only a very rough overview. For many cytokines there is still only very limited information on their functional effects
in vitro and complex rolein vivo.

ents of the intracellular signalling pathways are sharedInterferons
between the type I and type II interferons, so that the
signalling pathways of the different interferons partiallyPrinciples.Interferons represent a family of cytokines that
overlap (Darnellet al., 1994). Additional interferons haveinterfere with viral replication. In addition, interferons have
been discovered, but they are not characterized as well.antiproliferative and various immunomodulatory effects

Interferon-γ is produced by activated T cells and natural(Trinchieri and Perussia, 1985; Paul, 1989; Paul and Seder,
killer cells (Trinchieri and Perussia, 1985; Paul, 1989; Farrar1994; Farrar and Schreiber, 1993; Sen and Ransohoff, 1993;
and Schreiber, 1993; Sen and Ransohoff, 1993; Paul andArnason and Reder, 1994; Arnason, 1996). Interferon-α is part
Seder, 1994). It is a potent activator of macrophages andof a multigene family, whereas interferon-β and interferon-γ
monocytes, and induces an array of inflammatory mediatorsare encoded by single genes. Because interferon-β and
in these cells. An important function among many is tointerferon-α share components of the same receptor, they are
increase the expression of class I and class MHCII moleculesreferred to as type I interferons. Interferon-γ uses a separate
on a variety of cell types, including both specialized andreceptor system and is referred to as type II interferon.

Although the surface receptors are different, certain compon- more adaptable antigen-presenting cells. This increase in
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MHC expression facilitates antigen presentation, thereby cized, and the pros and cons of interferon-β are currently
being debated among neurologists. Published results show aaugmenting and accelerating immune responses.

Type I interferons, interferon-α (actually a family of reduction of ~30% in the exacerbation rate [Sibley and IFNB
(interferon beta) Multiple Sclerosis Study Group, 1993; IFNBclosely related proteins) and interferon-β, are produced by

almost all mammalian cells upon stimulation. Attribution Multiple Sclerosis Study Group, 1995; Jacobset al., 1996],
a significant reduction of MRI activity (Patyet al., 1993;of interferon-α to leucocytes and interferon-β to fibroblasts

is purely historical. One (but not the only) inducer of IFNB Multiple Sclerosis Study Group, 1995; Stoneet al.,
1995; Jacobset al., 1996) and a delay in time to sustainedinterferon synthesis is double-stranded RNA, which is part

of the infectious cycle of viruses, but it is not found in clinical progression (Jacobset al., 1996). Recombinant inter-
feron-α also seems to reduce exacerbation frequency andmammalian cells. Interferon-β and interferon-γ trigger the

synthesis of several host-cell proteins that contribute to MRI activity (Durelliet al., 1994; Jacobs and Johnson, 1994).
An important observation relevant also to interferon-β isthe inhibition of viral replication. Like interferon-γ, type I

interferons increase expression of MHC class I molecules that disease activity resumed after stopping treatment with
recombinant interferon-α (Durelli et al., 1996).and thereby enhance the ability of virus-infected cells to

present viral peptides to CD81 T cells. In contrast to The mechanism(s) of the complexin vivo effects of type
I interferons are unknown and are obviously difficult tointerferon-γ, however, interferon-β and interferon-α do not

induce the synthesis of MHC class II proteins; they investigatein vitro. Antiviral and antiproliferative actions
might contribute to the overall clinical effect in multiplesuppress it (Linget al., 1985; Inabaet al., 1986). This

effect may be important for the immunomodulatory activity sclerosis, although immunomodulatory effects such as
reduction of transcription of MHC class II molecules areof type I interferons (Weinstock-Guttmanet al., 1995).

The exact mechanism of interferon-β-mediated MHC class considered more important (Arnason and Reder, 1994;
Weinstock-Guttmanet al., 1995; Hallet al., 1997). ConsistentII inhibition is not completely understood. It appears that

interferon-β somehow reduces the activity of the class II with this notion, type I interferons are also effective in EAE
(Abreu, 1985; Brodet al., 1995; Brod and Khan, 1996; Yutransactivator CIITA, a factor necessary for interferon-γ-

induced MHC class II transcription (Luet al., 1995). Apart et al., 1996b).
from the inhibition of MHC class II expression, numerous
other immunomodulatory effects of type I interferons haveProblems.The major short- and medium-term side effects

observed thus far in multiple sclerosis trials of interferon-βbeen described. However, the relative importance and mutual
interdependence of these effects is not well understood include flu-like symptoms and (usually mild) laboratory

abnormalities (IFNB Multiple Sclerosis Study Group, 1995;(Weinstock-Guttmanet al., 1995). Interferon-β has been
shown to upregulate IL-10 expression and secretion by T Jacobset al., 1996). Skin necrosis at injection sites occurred

in 1–3% of patients in a trial of interferon-β1b (IFNBcells and monocytes (Repet al., 1996; Rudicket al., 1996b),
indicating that part of the clinical effects of interferon-β are Multiple Sclerosis Study Group, 1995). Whether or not the

depressive symptoms and suicide attempts observed in thisin fact mediated by IL-10 (seebelow for a discussion of the
effects of IL-10). In addition, interferon-α and -β inhibit the trial are causally related to the treatment is unknown (IFNB

Multiple Sclerosis Study Group, 1995). It is also not clearproduction of IL-12 in mice in vitro and—during viral
infection—in vivo (Cousenset al., 1997). Furthermore, whether the discontinuation of interferon treatment can have

adverse or rebound effects. In rat EAE, discontinuation ofinterferon-β inhibited T-cell migration across basement
membranein vitro, presumably by decreasing the secretion treatment with recombinant rat interferon-β in the recovery

phase resulted in a protracted and relapsing disease courseof matrix-degrading enzymes (Leppertet al., 1996; Stu¨ve
et al., 1996). Treatment with interferon-β enhances serum with enhanced clinical severity (Ruulset al., 1996).

A major unsolved problem of interferon therapy is thecorticosteroid levels in rats with EAE (Ruulset al., 1996).
However, it is doubtful that interferon-induced corticosteroid development of neutralizing antibodies (IFNB Multiple

Sclerosis Study Group, 1995; Jacobset al., 1996; IFNBproduction is relevant to the therapeutic effects observed
in multiple sclerosis, because corticosteroid levels were Multiple Sclerosis Study Group, University of British

Columbia MS/MRI Analysis Group, 1996). Antibodies ofunchanged after s.c. application of interferon-β (Reder and
Lowy, 1992). this type not only bind but also neutralize the biological

effects of interferon-β. Neutralizing antibodies have been
found in multiple sclerosis patients treated with interferon-Evidence.Both type I and type II interferons were initially

tried in multiple sclerosis for their antiviral effect (Jacobs β-1b and in patients treated with interferon-β-1a. Neutralizing
antibodies have also been detected in patients treated withand Johnson, 1994). A pilot trial of systemic recombinant

interferon-γ resulted in a sharp increase of exacerbations natural interferon-β (Fierlbecket al., 1994), suggesting that
the immunogenicity of interferons is not simply a(Panitchet al., 1987). In contrast, type I interferons turned

out to have a beneficial effect. consequence of structural differences between natural and
recombinant interferons. It is interesting in this connectionThe effects of different recombinant interferon-β prepara-

tions on relapsing multiple sclerosis have been widely publi- that naturally occurring autoantibodies against a number



882 R. Hohlfeld

of cytokines, especially IL-1α, IL-6, IL-10, interferon-α, induces or enhances the production of reactive oxygen and
NO (nitric oxide) derivatives, mediators that protect againstinterferon-β, and LIF (leukemia inhibitory factor), have been

detected in serum of normal individuals and patients with microbial and parasitic invaders but may also damage the
host. Since TNF-α can induce its own transcription, special,various autoimmune diseases (for review,seeBendtzenet al.,

1995). The functional importance of these autoantibodies is as yet incompletely understood, control mechanisms are
required.not clear, but they could be involved in the network of

cytokine regulation. TNF is one of at least 10 (known) members of a family
of ligands that activate a corresponding family of structurallyIn multiple sclerosis, neutralizing antibodies against

interferon-β seem to attenuate or abolish the treatment effect related receptors (Bazzoni and Beutler, 1996). The receptors
initiate signals for cell proliferation and apoptosis, which(IFNB Multiple Sclerosis Study Group, 1995; IFNB Multiple

Sclerosis Study, University of British Columbia MS/MRI play a fundamental role in the normal development and
function of the immune system. Mutations of the genesAnalysis Group, 1996). Neutralizing antibodies developed

during the first year in 35% of patients (43 out of 124) corresponding to the ligands or receptors can cause severe
derangement of the immune response. All members of thetreated with 83106 units in the IFNB Multiple Sclerosis

Study Group trial (IFNB Multiple Sclerosis Study Group and TNF-ligand family are believed to consist of three polypeptide
chains. All but lymphotoxin-β (which consists of a singleUBC MS/MRI Analysis Group, 1996). By the end of the

third year, 38% of the remaining patients (34/89) were lymphotoxin-α subunit and two lymphotoxin-β subunits) are
made up of three identical subunits. All except lympho-antibody-positive. A similar proportion of patients developed

neutralizing antibodies in the low-dose treatment arm. In the toxin-α (which is entirely secreted) and TNF-α (which is
predominantly secreted) are transmembrane proteins that actfuture, it will be essential to observe the titres and effects of

neutralizing antibodies in much greater detail, using reliable mainly through cell–cell contact.
There are two types of TNF receptors, TNF-R55 and TNF-assays (Patyet al., 1996). In the worst possible scenario,

neutralizing antibodies induced by therapy with recombinant R75. Like all other members of the TNF receptor family,
they are believed to be transmembrane proteins that consistinterferon-β could crossreact against endogeneous interferon-

β and ablate its physiological effects. Fortunately, there has of two identical subunits. The two TNF receptors are
recognized not only by TNF-α but also by the closely relatedbeen no evidence thus far for such a far-reaching effect of

the therapeutically induced neutralizing antibodies, but the cytokine, lymphotoxin-α (Jäättelä, 1991; Heller and Kro¨nke,
1994; Smith et al., 1994; Cleveland and Ihle, 1995).possibility must be kept in mind. It is likely that the

extent of immunogenicity partially depends on the route of Lymphotoxin-β binds to a separate receptor (Bazzoni and
Beutler, 1996).administration. The development of therapy-induced

neutralizing antibodies is also a well-known phenomenon in Like the TNF-α ligand, the TNF receptors exist in a fixed
membrane-bound and in a free soluble form (Fig. 6). Most,therapies with interferon-α (Nolte et al., 1996). Whether

truncated interferon derivatives or oral interferon can help to if not all cells express at least one type of TNF receptor.
Binding of the homotrimeric ligand TNF-α activates thecircumvent this problem is presently unknown (Rollwagen

and Baqar, 1996). receptor in a way that is not fully understood (Bazzoni and
Beutler, 1996). It is thought that ligand-induced changesFurther open questions and unsolved problems relate to

the optimal dosage, precise clinical indications, long-term bring the cytoplasmic regions of two receptors together,
initiating a self-assembly process in which additionaleffects and direct comparison of the different interferon

preparations. cytoplasmic proteins bind to form a complex with catalytic
properties. There is evidence that the TNF receptors use
different signalling pathways, including the sphingomyelin
pathway, to mediate biological responses, but many aspects ofTumour necrosis factor antagonists
TNF-mediated signal transduction are still unknown (Ja¨ättelä,
1991; Heller and Kro¨nke, 1994; Smithet al., 1994; ClevelandPrinciples.TNF-α is a critical inflammatory mediator of

EAE and multiple sclerosis, and may therefore be a target and Ihle, 1995). Interestingly, corticosteroids also seem to
exert at least part of their immunosuppressive actions byfor immunotherapy. TNF-α is produced by macrophages

and other cells and exerts diverse effects on different cells inhibition of TNF-α (Auphanet al., 1995; Scheinmanet al.,
1995). Corticosteroids stimulate the production of IκBα, aand tissues. As a mediator of inflammation, TNF-α stimulates

the release of IL-1, many other cytokines and all metabolites protein that holds the transcription factor NFκB in inactive
form in the cytoplasm. NFκB, a major regulator of manyof arachidonic acid (Beutler and Cerami, 1987; Beutler and

Cerami, 1989; Ja¨ättelä, 1991; Vassalli, 1992; Tracey and cytokine and cell adhesion genes, is critically involved in
the TNF signalling pathway (Heller and Kro¨nke, 1994).Cerami, 1993; Paul and Seder, 1994). Through its capacity

to influence leucocyte traffic by inducing or enhancing the Transgenic mice expressing a mutant transmembrane TNF
that is bioactive but not secreted develop chronic CNSexpression of adhesion molecules on endothelial cells, TNF-α

facilitates the local accumulation of macrophages, neutrophils inflammation, provided the mutant TNF is expressed in
astrocytes but not neurons (Akassoglouet al., 1997).and lymphocytes. In association with interferon-γ, TNF-α
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TNF-α is expressed in multiple sclerosis lesions, where it is Biological inhibitors of TNF include monoclonal antibodies
against TNF-α and soluble TNF receptor constructs (Fig. 6).associated with CD31 T lymphocytes, microglia cells and

astrocytes (Selmajet al., 1991b; Cannella and Raine, 1995). Several of these agents have shown positive effects in EAE
(Ruddleet al., 1990; Bakeret al., 1994; Selmajet al., 1995;Furthermore, TNF-α and lymphotoxin are cytotoxic for

oligodendrocytesin vitro (Brosnanet al., 1988; Selmaj and Klinkertet al., 1997) and rheumatoid arthritis (Elliottet al.,
1994a, b). Anti-TNF-α agents being tested in rheumatoidRaine, 1988; Selmajet al., 1991c). In EAE, secretion of

lymphotoxin and TNF-α by T cells specific for MBP arthritis include the human/murine IgG1κ chimeric
neutralizing monoclonal antibody cA2 (Centocor); humanizedcorrelates with the encephalitogenic potential of the T cells

(Powell et al., 1990). Furthermore, several studies indicated anti-TNF-α IgG4 monoclonal antibody CDP571 (CellTech);
soluble dimeric p-75 TNF receptor coupled to a human IgG1that in multiple sclerosis patients there is a correlation

between TNF levels in blood, serum or culture supernatant Fc framework (Immunex); and soluble dimeric p-55 TNF
receptor coupled to a human IgG1 Fc framework (Roche).and the clinical course (Becket al., 1988; Sharief and

Hentges, 1991; Chofflonet al., 1992; Rudick and Ransohoff, In two multiple sclerosis patients treated with the monoclonal
anti-TNF antibody cA2 in an open-label phase I trial, the1992; Imamuraet al., 1993; Rieckmannet al., 1994). Finally,

the well-established genetic association of multiple sclerosis number of gadolinium-enhancing lesions, CSF cell counts
and IgG index increased after each treatment (van Oostenwith HLA-DR2 can be at least partly explained by a

propensity of HLA-DR21 T cells to produce increased et al., 1996). A phase II trial of soluble dimeric TNF-R55
coupled to a human IgG1 Fc framework (Roche) has notamounts of TNF-α and lymphotoxin (Zippet al., 1995).
been followed by a phase III trial.

In principle, the soluble receptor constructs generated byEvidence.The different strategies for TNF inhibition
include pharmacological inhibitors of TNF synthesis and/or fusion of Ig Fc-region sequences to soluble TNF receptor

have two major advantages over the soluble receptor, namelyprocessing as well as biological inhibitors of TNF effects.
The pharmacological inhibitors of TNF synthesis, thalidomide prolonged half-life and higher affinity (Heaney and Golde,

1996). A potential disadvantage of these constructs is their(Klausneret al., 1996) and pentoxifylline (Rieckmannet al.,
1996; van Oostenet al., 1996b), were tested in pilot clinical binding to Fc receptors of antigen-presenting cells, which

could increase their immunogenicity. Conceivably, dimerictrials in multiple sclerosis and other immunological diseases.
The antidepressant rolipram, a selective inhibitor of TNF-R could also be engineered by genetically linking two

TNF-R domains via a linker peptide not related to Ig. Suchphosphodiesterase type IV (Sinhaet al., 1995), has shown
promising effects on EAE in rats and common marmoset agents would be expected to have a shorter half-life than the

Ig-containing TNF-R constructs. One strategy would be tomonkeys (Genainet al., 1995b; Sommer et al., 1995).
However, this agent is currently unavailable for clinical transfect autologous cellsin vitro with the gene encoding

the short-range soluble TNF-R construct and to use thetrials in multiple sclerosis. Other selective inhibitors of
type IV phospodiesterase are being developed for therapy. transfected cells as vehicles. To this end, the TNF-R-

transfected cells could be co-transfected with specific surfaceAlso linomide (quinoline-3-carboxamide), a synthetic
immunomodulator currently being evaluated for relapsing– receptor(s) allowing them to home selectively to the target

tissue where the action of the soluble TNF-R is needed.remitting and progressive multiple sclerosis (Andersenet al.,
1996; Karussiset al., 1996), exerts part of its effects by
inhibition of TNF-α production (Gonzaloet al., 1993). Problems.Like other cytokine-based therapies, anti-TNF

therapies are unselective. Therefore, unfavourable effectsAdditional and possibly related effects of linomide include
inhibition of apoptotic cell death triggered via the Fas pathway on physiological immune reactions, especially those which

combat infections and tumours, cannot be excluded and must(Redondoet al., 1996) and reduction of induced nitric oxide
synthase (Hortelanoet al., 1997). It is not known what even be anticipated. Like other cytokines, TNF has pleiotropic

effects in vitro and may have unpredicted effectsin vivo.mechanisms are responsible for the immunomodulatory
effects of linomide seen in multiple sclerosis and EAE. Demonstration of safety and/or efficacy in animal tests does

not exclude unexpected side effects or other problems inA series of pyridinyl-imidazole compounds inhibit the
production of IL-1 and TNF-α at the translational level (Lee patients. For example, dimeric p-75 TNF receptor coupled

to a human IgG1 Fc framework (Immunex) prevents deathet al., 1994). This class of cytokine inhibitors may provide
new therapeutic candidates in the future (Leeet al., 1994). in animal models of bacteremia and endotoxinemia, but fails

to reduce (and may even increase) mortality in patients withA different group of agents aims at the processing of
the TNF-α precursor, a 233-amino acid membrane-bound septic shock (Fisheret al., 1996).

Like interferons, biological anti-TNF reagents would beprecursor, into the mature, 157-amino acid cytokine. This
process is dependent on matrix metalloproteinase enzymes expected to induce neutralizing antibodies. Fusion proteins

containing constant region domains of Ig (like the soluble(Chandleret al., 1997; Mosset al., 1997). Inhibitors of matrix
metalloproteinases are very potent inhibitors of TNF TNF receptor constructs) could be particularly immunogenic,

because they would bind to the Fc receptors of antigen-processing (but not synthesis)in vitro (Gearinget al., 1994;
McGeehanet al., 1994; Mohleret al., 1994). presenting cells, thereby facilitating uptake and immunogenic
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presentation. Furthermore, a general note of caution should
be made regarding immunotherapies with soluble cytokine
receptors. In some cytokine systems, soluble receptors or
anti-cytokine antibodies do not neutralize the circulating
cytokine but merely prolong its half-life, thereby potentiating
its effects (Bendtzenet al., 1995). Indeed, low levels of
soluble TNF receptor appear to enhance TNF signalling,
perhaps by stabilizing the ligand, whereas higher con-
centrations inhibit TNF activity (Aderkaet al., 1992).

Cytokine-induced ‘immune deviation’

Fig. 7 Differentiation of TH1 and TH2 cells. CD41 precursorPrinciples.The ‘immune deviation’ approach attempts to
cells maturate into TH0 cells. Under the positive or negative‘deviate’ or shift the spectrum of cytokines produced during
influence of various cytokines, TH0 cells differentiate into TH1 or

an immune response by therapeutic application of regulatoryTH2 cells.SeeFig. 1 for overview of TH1 and TH2 cell
cytokines. The approach is based on an important, relativelyfunctions. Note that the scheme is an oversimplification; in reality,

the situation is much more complicated. Human TH1 and TH2recent concept, postulating that there is a dichotomy in the
cells are generally less polarized in their cytokine spectrum thanpopulation of CD41 T cells. These cells, which were formerly
are murine TH cells. Fat arrows indicate differentiation pathways;simply referred to as ‘helper’ T cells, are now divided into
thin arrows indicate positive or negative regulatory influences or

at least two major subsets, TH1 and TH2 cells (Del Pretecytokine secretion. IFN5 interferon.
et al., 1994; Paul and Seder, 1994; Romagnani, 1994; Seder
and Paul, 1994; Mosmann and Sad, 1996). In its present
state, the concept of TH1 and TH2 cells is probably an transient developmental stages or transient responses to

stimulation conditions (Del Preteet al., 1994; Romagnani,oversimplification, attempting to put order into the bewilder-
ing complexity of cytokine effects. However, the concept is 1994; Paul and Seder, 1994; Seder and Paul, 1994; Mosmann

and Sad, 1996; Sornasseet al., 1996).central to an understanding not only of cytokine-based but
also of other immunotherapies. The characteristic cytokine products of TH1 and TH2 cells

are mutually inhibitory for the differentiation and effectorAccording to the TH1/TH2 paradigm, TH1 cells act as
‘inflammatory’ T cells, which induce and directly participate functions of the reciprocal phenotype (Fig. 7). For example,

interferon-γ selectively inhibits the proliferation of TH2 cells,in inflammatory (‘delayed-type hypersensitivity’) reactions
and contribute to tissue injury. For example, the and IL-10 inhibits cytokine synthesis by TH1 cells. It is

likely that in vivo, cytokine-induced changes in the overallencephalitogenic T-cell clones that are used for transfer of
EAE into normal recipient animals are always of the TH1 pattern of cytokine secretion are brought about by changes

both at the population level and single cell level (Murphytype. In contrast, TH2 cells stimulate antibody production by
B cells and enhance eosinophil functions. In diseases likeet al., 1996). For example, stimulation of human MBP-

specific TH0-like cells with slightly modified antigenicEAE and multiple sclerosis in which TH1 cells are thought
to play a pivotal role, therapeutic ‘immune deviation’ would peptides induced the production of TGF-β1 in these cells

(Windhagenet al., 1995b). If a lasting change of the cytokineaim to convert the dominant TH1 response against CNS
autoantigens into a TH2 response (Liblauet al., 1995). profile could be induced following optimally timed

application of regulatory cytokines, this would open newIn mice, TH1 and TH2 cells each produce a characteristic
and distinct spectrum of cytokines. TH1 cells secrete IL-2, possibilities for immunotherapy (Olsson, 1995; Ro¨ckenet al.,

1996). Ideally, the modulating cytokine(s) would need to beinterferon-γ and lymphotoxin, whereas TH2 cells produce
IL-4, IL-5, IL-6, IL-9, IL-10 and IL-13. Human TH2 cells applied only for a limited time, and would still induce a

permanent change in the balance between TH1 and TH2produce similar patterns, although the synthesis of IL-2, IL-
6, IL-10 and IL-13 is apparently not as strongly restricted to cells. Furthermore, if the therapeutic cytokines could be

strategically administered during an active phase of thea single subset as in mouse T cells. Several other cytokines
are secreted both by TH1 and TH2 cells, including IL-3, autoimmune reaction, immune deviation might selectively

occur in the autoreactive T cells, but not in resting TTNF-α, granulocyte-macrophage colony-stimulating factor
(GM-CSF) and members of the chemokine families. T cells cells of other specificity. Various approaches to achieve a

generalized or antigen-specific immune deviation from TH1that produce both TH1 and TH2 cytokines are sometimes
referred to as ‘TH0’ cells. Individual T-cell clones may to TH2 are listed in Table 2.
show rather complex patterns of cytokine production, but it
apppears that the majority can be broadly categorized asEvidence. Application of recombinant murine IL-4

ameliorated the clinical signs of EAE in SJL mice injectedeither TH1, TH2 or TH0. Differences between cells in
cytokine expression may represent distinct stable phenotypes, with MBP-specific T cells (Rackeet al., 1994). The treatment
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Table 2 Strategies for ‘immune deviation’ (modified from Liblauet al.,1995)

(A) Generalized immune deviation away from TH1 cells:
Administration of IL-4, IL-10, or both
Use of agents against interferon-γ or IL-12 (e.g. neutralizing anti-cytokine antibodies, anti-cytokine receptor antibodies, soluble

cytokine receptors or synthetic cytokine antagonists)
Use of agents that stimulate cAMP production or inhibit phosphodiesterase, e.g. pentoxifylline
Use of other TH2-inducing compounds

(B) Autoantigen-specific immune deviation away from TH1 cells:
Immunization with autoantigens and concomitant stimulation of B722
Immunization with autoantigens in the presence of IL-4
Immunization with autoantigens and concomitant blockade of CD40L-CD40 interaction
Targeting autoantigens to B cells for antigen presentation
Oral administration (or inhalation) of autoantigens (‘mucosal tolerance’)
Injection of autologous, activated, autoreactive TH2 cells
High-dose systemic injection of soluble autoantigens
Administration of peptide analogues of autoantigens (‘altered peptide ligands’)

did not prevent inflammatory infiltrates. It is assumed that forms and stages of multiple sclerosis. In those instances, it
could be detrimental to stimulate TH2 cells and antibodyIL-4 treatment induces a population of MBP-specific TH2

cells that do invade the CNS but do not induce tissue damage production by immune deviation strategies, as was indeed
observed in a MOG-induced marmoset EAE model (Genain(Röcken et al., 1996). Preincubation of MBP-specific TH1

cells with IL-4 in vitro abolished the encephalitogenicity of et al., 1996; McFarland, 1996).
the cells (Rackeet al., 1994). A similar immune deviation
could be achieved in PLP-induced EAE by immunization
with a modified PLP peptide (Nicholsonet al., 1995). Transforming growth factor-β
Protection could be adoptively transferred with TH2 cells
specific for the modified peptide ligand. In multiple sclerosisPrinciples.TGF-β is contained in platelets and is produced

by many nucleated cells and tumours. TGF-β is exceedinglypatients, treatment with the phosphodiesterase inhibitor
pentoxyfylline reduced the expression of TH1-like cytokines pleiotropic and mediates far-ranging biological processes

related not only to inflammation but also to development,in blood mononuclear cells, but increased the expression of the
TH2-like cytokines IL-4 and IL-10 (Rieckmannet al., 1996). tissue repair and tumourigenesis. TGF-β comes in three

isoforms, TGF-β1, TGF-β2 and TGF-β3, in mammals (for
review,seeStavnezer, 1995). The mature parts of the differentProblems. The idea of permanently ‘healing’ an

autoimmune disease by a short course of therapy is certainly isoforms have 70–80% sequence identity. In mostin vitro
assays, the biological activity of the isoforms is similar.appealing, and immune deviation is not the only approach

aiming towards this goal, as will be discussed in later However, there are differences in their potencies and some
biological activities. Each isoform is secreted in a latent formsections. Thus far, there is little evidence that a selective and

lasting immune deviation can be achieved by a short course that is activated extracellularly by proteolytic cleavage.
Most cells express three types of TGF-β receptors. Oneof therapeutic cytokines or other immunomodulators.In vitro

experiments with human T cells indicate that the TH1 type of TGFβ receptor (type III) binds TGF-β but does not
transmit signals. Signalling requires the formation of anphenotype induced with IL-12 is more stable than the

TH2 phenotype induced with IL-4 (Sornasseet al., 1996), oligomeric complex consisting of TGF-β receptors type I
and II and TGF-β.indicating that it may be difficult to deviate from an

established, ongoing autoimmune reaction, especially from
TH1 to TH2. Furthermore, as indicated above, the TH1/TH2Evidence.A number of studies have demonstrated that

TGF-β has beneficial effects in EAE (Schluesener and Lider,paradigm is presumably a gross oversimplification. It would
not be surprising if the ‘therapeutic’ application of TH2 1989; Johnset al., 1991; Kuruvillaet al., 1991; Rackeet al.,

1991; Stevenset al., 1994; Fabryet al., 1995). Conversely,cytokines had unexpected (and undesirable) consequences
not accounted for by the simple TH1/TH2 scheme. neutralizing antibody to TGF-β1 enhances the severity of

EAE (Johns and Sriram, 1993). Recombinant TGF-β2 wasIt is also important to note that the pathogenetic
mechanisms of multiple sclerosis involve different types of tested in a phase I dose-escalation trial in multiple sclerosis

patients.T cells, as well as macrophages, B cells and antibodies.
Thus, it would be much too simplistic to consider multiple
sclerosis a disease exclusively mediated by TH1 cells. OnProblems.TGF-β is an exceedingly pleiotropic cytokine

(Wahl, 1994). Its disease-limiting properties in autoimmunethe contrary, TH2 cells which support antibody production
by B cells are likely to play an important role in certain and chronic inflammatory diseases seem attractive, but the
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very mechanisms it suppresses are also those necessary for receptor or receptor component. Human T cells apparently
do not possess receptor for IL-13 (Sornasseet al., 1996).defense against infectious pathogens. Furthermore, over-

abundant systemic TGF-β could induce widespread tissue
fibrosis and deposition of extracellular matrix (Wahl, 1994).Evidence.In SJL mice, the clinical signs of T-cell transfer

EAE could be suppressed by injection of exogenous IL-4TGF-β is nephrotoxic.
together with the encephalitogenic MBP-specific T cells,
although the number and distribution of infiltrating cells was
similar to that in nontreated controls (Rackeet al., 1994). ItInterleukin-10
appears that IL-4 induced a population of MBP-specific
protective TH2 cells (see section on ‘Cytokine-inducedPrinciples. IL-10 is secreted by TH2 cells, macrophages
immune deviation’). In Lewis rats, actively induced EAEand other immune cells (Mooreet al., 1993). It has multiple
could be suppressed by injection of hamster ovary cellsin vitro activities on different cell types. For example, IL-10
transfected with human IL-13 (Cashet al., 1994).suppresses the production of proinflammatory cytokines and

mediators by macrophages and T cells, inhibits the expression
Problems.These are discussed in the section on ‘Cytokine-of B7 and other costimulatory and adhesion molecules
induced immune deviation’.by antigen-presenting cells, and reduces T-cell proliferative

responses. Furthermore, IL-10 induces a long-term, antigen-
specific state of unresponsiveness (‘anergy’) in human CD41

Interleukin-1 inhibitorsT cells (Grouxet al., 1996).
Conversely, IL-10 stimulates B-cell growth and Ig

Principles. IL-1 is a major proinflammatory cytokineproduction. IL-10 promotes TH2 cell responses and is a
produced by monocytes/ macrophages (Dinarello andcentral regulator of the balance between TH1 and TH2 cells
Thompson, 1991; Arend, 1993). Two types of IL-1 (IL-1α(seesection on ‘Cytokine-mediated immune deviation’). The
and IL-1β) have been described, which display similarIL-10 receptor, which is mostly expressed on immune cells,
activities. The production and action of IL-1 are regulatedbelongs to the same class as the interferon receptors.
by multiple control pathways, some of which are unique to
this cytokine (‘IL-1 system’; for review,seeDinarello, 1996).Evidence.IL-10 prevents EAE in Lewis rats (Rottet al.,

In addition to the two agonists, the IL-1 system consists
1994). In SJL mice, superantigen- and TNF-α-induced

of a specific activation system (IL-1 converting enzyme: ICE),
relapses of EAE could be prevented with IL-10 (Crisiet al.,

a receptor antagonist (IL-1 receptor antagonist) produced in
1995). In another study, however, IL-10 had no effect on, or

different isoforms, and two (type I and II) high affinity
even caused worsening of, chronic relapsing EAE induced

receptors. The biological activity of IL-1 is counter-
in SJL/J mice by injection of MBP-stimulated lymphocytes

balanced by three types of inhibitors, namely (i) the naturally
(Cannella et al., 1996). A phase I study of recombinant

occurring IL-1 receptor antagonist, which competitively binds
human IL-10 in healthy volunteers showed that a single i.v.

the IL-1 receptor without inducing signal transduction; (ii)
bolus injection of 1, 10 or 25µg/kg IL-10 induced a transient

soluble IL-1 receptors, which bind IL-1 and diminish the
neutrophilia, monocytosis and lymphopenia (Chernoffet al.,

free concentration of the soluble cytokine, thus hampering
1995). Mitogen-induced T-cell proliferation was transiently

its binding to the cell surface receptor; and (iii) the membrane-
suppressed, as was the production of the proinflammatory

associated ‘decoy’ (type II) receptor, a nonsignalling molecule
cytokines TNF-α and IL-1β.

whose function is to prevent the ligand from interacting with
the signal-transducing (type I) receptor on the same cell.

Problems.As with other cytokines, thein vivo effects of Recombinant IL-1 receptor antagonist and soluble IL-1
IL-10 in multiple sclerosis are unpredictable (Cannellaet al., receptor constructs would be reasonable candidates for
1996) and need to be investigated in carefully designedimmunotherapy.
clinical studies.

Evidence.IL-1 has been shown to enhance both actively
induced and T-cell transfer EAE (Mannieet al., 1987; Jacobs

Interleukin-4 and -13 et al., 1991). In contrast, soluble IL-1 receptor and IL-1
receptor antagonist suppress EAE (Jacobset al., 1991; Martin
and Near, 1995).Principles. IL-4 and IL-13 are closely related (Paul and

Seder, 1994; Zurawski and De Vries, 1994). They both inhibit
the production of proinflammatory cytokines and chemokinesProblems.IL-1 provides an example for a complex cytokine

circuit. Under normal conditions, the interactions betweenby monocytes and promote human B-cell proliferation and
activation. Like IL-10, these cytokines are produced by TH2 IL-1α and -1β, IL-1 receptor antagonist, and type I and II

receptors must be delicately balanced. Therapeutic applicationcells (seesection on ‘Cytokine-induced immune deviation’).
There is evidence that IL-4 and IL-13 share a common of any one of the inhibitory components could be expected



Immunotherapy of multiple sclerosis 887

to disturb this balance in a complicated way. For example, during clinical relapses, whereas MIP-1α and RANTES were
synthesized by infiltrating leucocytes (Glabinskiet al., 1997).it has been shown that the inhibitory activity of the IL-1

receptor antagonist is enhancedin vitro by soluble type II After immunization of SJL mice with PLP peptide,
secretion of MIP-1α (but not MIP-2 or MCP-1) related toreceptor, but hindered by soluble type I receptor (Burger

et al., 1995). This example shows that different types of the formation of inflammatory infiltrates (Karpuset al., 1995).
Animals could be protected and treated with a monoclonalcytokine inhibitors can abolish each other’s effect.
antibody against MIP-1. MIP-1 did not affect the activation
of encephalitogenic T cells nor their transfer potential (Karpus
et al., 1995).Chemokines

Problems.These are the same as for other nonselectivePrinciples. Chemokines are chemoattractant cytokines
therapies. Theoretically, anti-chemokine therapies wouldthat direct the migration of leucocytes towards sites of
seem more suitable for treatment of acute exacerbations thaninflammation (Murphy, 1994; Bokoch, 1995; Furie and
for long-term therapy.Randolph, 1995; Mackay, 1996). These molecules are

potential targets for therapy. The receptors of chemokines
are single-chain transmembrane molecules coupled to G
proteins. Some chemokine receptors are promiscuous inOther cytokines
ligand binding.

The chemokines are divided into three closely related
Principles. Table 1 indicates that many other cytokinespolypeptide families, which display three highly conserved
and cytokine inhibitors may qualify as candidate targets orcysteine amino acid residues. The CXC chemokine family
mediators of immunotherapy. Furthermore, it is likely thathas the first two amino-terminal cysteines separated by one
many more cytokines will be discovered in the future, manynonconserved residue; the CC chemokine family has the
of which will be interesting for therapeutic applications.first two amino-terminal cysteines in juxtaposition, and the

C-chemokine family has one lone amino-terminal cysteine.
The CC chemokines include RANTES (regulation onEvidence.For example, adoptively transferred EAE could
activation, normal T cell expressed and secreted), macrophagebe inhibited with an antibody against IL-12, a potent inducer
inflammatory protein (MIP)-1α, MIP-1β, monocyte of interferon-γ and promoter of TH1 T-cell development
chemoattractant protein (MCP)-1, MCP-2 and MCP-3. The(Fig. 7) (Leonardet al., 1995). Interleukin-15, a cytokine
CXC chemokines include IL-8 and interferon-γ-inducible with IL-2-like activity, acts as a potent chemoattractant for T
protein-10 (IP-10), and other members. An example of a Ccells and appears to be a promising target for immunotherapy
chemokine is lymphotactin. Most CXC chemokines attract(McInneset al., 1996).
neutrophils, whereas most CC chemokines attract monocytes
and T cells. The CXC chemokines IL-8 and IP-10 also attractProblems.These are the same as for other cytokine-basedT cells. Furthermore, the CC chemokines MIP-1α and -1β,

therapies.RANTES and MCP-1 can provide costimulatory signals to
T cells (Taubet al., 1996).

Therapeutic strategies directed against chemokines include
inhibition of chemokine production and blockade of the Miscellaneous anti-inflammatory agents
interaction between chemokines and their receptors.The list of novel anti-inflammatory drugs is ever growing. It
Compared with other cytokine-based therapies, anti-now includes such diverse agents as selective inhibitors of
chemokine therapies are in a relatively early stage ofcyclooxygenase-2; inhibitors and antagonists of leukotrienes;
development. selective inhibitors of inducible nitric oxide synthase;

complement inhibitors such as soluble complement receptor
(CR) 1 (Piddlesdenet al., 1994) and anti-CR 3 monoclonalEvidence.The chemokines thought to be involved in the

formation of inflammatory lesions in EAE and multiple antibodies (Huitingaet al., 1993); inhibitors of matrix
metalloproteinases; and many others. Therapy with high-sclerosis include IL-8, MCP-1, MIP, IP-10 and RANTES

(Hulkower et al., 1993; Ransohoffet al., 1993; Godiska dose i.v. polyclonal Igs (Tazekaset al., 1997) could also be
added, although the rationale for their use in multiple sclerosiset al., 1995; Karpuset al., 1995). In actively induced Lewis

rat EAE, MCP-1 expression was detected at the onset is based more on their potential effect on remyelination than
their ill-defined immunomodulatory properties (Milleret al.,of inflammation in lymphocytes and endothelial cells in

subarachnoid locations (Bermanet al., 1996). After the onset 1996b; Rodriguezet al., 1996). Some, but not all, of these
agents can be considered as biotechnological products. Here,of clinical signs, MCP-1 expression was widely distributed

in the spinal cord. In chronic relapsing EAE, MCP-1, IP-10, only the matrix metalloproteinases and their inhibitors will
be discussed in detail.RANTES and MIP-2 (KC) were upregulated in astrocytes
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Release of L-selectin is thought to allow for a rapidInhibitors of matrix metalloproteinases
detachment of leucocytes from the endothelial surface and
to facilitate entry into subendothelial tissues (Bennettet al.,Principles.Matrix metalloproteinases (MMPs) are a family

of zinc-containing endo-proteinases that digest specific 1996). From all these considerations it is clear that inhibition
of MMPs or of the enzymes that activate MMP, e.g. tissuecomponents of the extracellular matrix, thus contributing to

matrix equilibrium and structural integrity (Goetzlet al., type plasminogen activator (Cuzneret al., 1996), could
be advantageous in the treatment of autoimmune diseases1996). The MMPs can be categorized into three major

functional groups: (i) the interstitial collagenases (MMP-1 and cancer.
and -8 which preferentially cleave collagen types I, II, and
III); (ii) the stromelysins (MMP-3, -10, and -11 which cleave Evidence.Immunocytochemical analysis shows that in the

normal CNS, MMPs are mainly expressed in perivascularlaminin); and (iii) the gelatinases (MMP-2 and -9 which
cleave type IV collagen). and parenchymal microglia (Maeda and Sobel, 1996; Cuzner

et al., 1996). Most CNS microvessel endothelial cells expressOwing to their potentially hazardous effects, MMPs are
strictly regulated at different levels. At the transcriptional MMP-3 and -9 but not MMP-1 or -2. Large numbers of

MMP-positive macrophages are present in acute multiplelevel, MMP expression is controlled by various cytokines
that act through positive or negative regulatory elements of sclerosis lesions and in the active edges of chronic plaques.

MMP-2-, -3- and -9-positive astrocytes can be detected inthe MMP genes. For example, the TH2 cytokines IL-4 and
IL-10 inhibit the secretion of MMP by macrophages. Note acute and chronic multiple sclerosis lesions (Cuzneret al.,

1996; Maeda and Sobel, 1996). These data indicate thatthat conversely, MMPs cleave the membrane-bound form of
TNF-α, thus facilitating the secretion of this proinflammatory microglia-derived MMPs mediate turnover of the CNS

extracellular matrix under normal conditions, whereascytokine by macrophages and T cells (Goetzlet al., 1996;
Chandleret al., 1997; Mosset al., 1997). MMP activity is different cell populations express MMPs in sites of CNS

injury.further regulated at the post-transcriptional level by
proteolytic activation of the latent proenzymes and by In vitro, inhibition of MMP activity suppressed the

migration of human T-cell lymphoblastoma cells through ainteraction with specific tissue inhibitors of MMPs (TIMPs),
which bind and inactivate MMPs. Again, the expression model basement membrane (Xiaet al., 1996). In different

animal models of autoimmunity, MMP inhibitors significantlyand secretion of MMP-activating enzymes and TIMPs is
influenced by different cytokines. decrease oedema and inflammatory tissue damage, suggesting

possible therapeutic benefits (for review,seeGoetzl et al.,Dysregulation of MMP production and activation is thought
to contribute to tissue injury in inflammatory and neoplastic 1996). A peptide (hydroxamate) MMP inhibitor prevented

or reversed PLP-induced EAE in mice (Gijbelset al., 1994).diseases (Goetzlet al., 1996). Macrophages, T cells,
eosinophils and neutrophils all produce MMPs with cell- Reversal of EAE appeared to be mediated mainly by an

effect on the blood–brain barrier, since the degree ofspecific patterns. The MMPs secreted by macrophages (e.g.
MMP-1, -2, -3, -9, -12 and matrilysin) contribute substantially demyelination and inflammation was only slightly reduced

in animals treated after the onset of clinical signs. Similarto the degradation, removal and remodelling of connective
tissues. The production of these MMPs by macrophages is effects of treatment with a hydroxamate MMP inhibitor were

observed in Lewis rat EAE (Hewsonet al., 1995). Inhibitionenhanced by surface determinants on activated T cells and
suppressed by IL-4, IL-10, and in some instances by of MMP by oral treatment withD-penicillamine suppressed

murine EAE (Norgaet al., 1995). Inhibition of gelatinaseinterferon-γ.
The gelatinase-type MMPs produced by T cells (MMP-2 secretion and migration of human T cells appears to one the

many immunomodulatory effects of interferon-β (Leppertand -9) serve principally to facilitate T-cell migration through
basement membrane and other matrix structures. T-cellet al., 1996; Stu¨ve et al., 1996).
secretion of these MMPs is stimulated by cytokines and
inflammatory mediators after adhesion of the T cells toProblems.Since MMP inhibitors are nonselective agents,

all general precautions regarding nonselective treatments alsoendothelial cells via vascular cell adhesion molecule-1
(VCAM-1) or to basement membrane matrix viaβ1 integrins. apply here. The specific adverse effects of different MMP

inhibitors will depend on their detailed chemical andIn addition to MMPs, T cells and macrophages secrete
heparanase, an enzyme which cleaves heparan sulfate pharmacological properties. For example, certain MMP

inhibitors may block not only TNF-α secretion but also TNF-moieties of the extracellular matrix and thus also facilitates
cell movement and migration through extravascular tissues R cleavage (Williamset al., 1996). Conceivably, biological

MMP inhibitors could be developed that selectively target(Gilat et al., 1996). Furthermore, as mentionend in the section
on TNF-α, MMPs facilitate the secretion of TNF-α in both those MMPs that are preferentially involved in a given

immunopathological reaction. This is an active area ofT cells and macrophages by cleavage of the membrane-
bound form of this proinflammatory cytokine (Chandler pharmacological research with possible applications not only

in multiple sclerosis but also in rheumatoid arthritis and otheret al., 1997). In addition, MMPs facilitate shedding of L-
selectin, an adhesion receptor, from the leucocyte surface. diseases. It is presently unclear whether MMP inhibitors (or
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other protease inhibitors not mentioned here) should be given mediate not only adhesion but also transmission of
costimulatory signals to lymphocytes. Therefore, the classesas a long-term treatment, or only during acute episodes.
of ‘adhesion molecules’ and ‘costimulatory molecules’
overlap.

Based on their structure, adhesion molecules can beTherapies directed at adhesion, costimulation,
classified into several groups, including cadherins, selectins,or leucocyte-differentiation molecules
integrins and Ig superfamily members (Table 3). Cadherins

The physical interaction of a T cell with an antigen-presenting
establish molecular links beween adjacent cells by forming

cell occurs at a specialized zone of transient intercellular
zipper-like structures at adherens junctions. They are linked

membrane contact. In some respect, this type of cell–cell
to the cytoskeleton through the catenins. These molecules,

contact can be compared with the synaptic contact of neurons
which play a key role in embryogenesis, will not be

(Paul and Seder, 1994). At the ‘immunological synapse’,
discussed further.

intercellular communication is mediated by both soluble
Selectins are expressed on leucocytes, platelets and

factors (mostly cytokines) and by membrane-bound ligands
endothelial cells. Their common structural component is an

that engage their complementary receptors (Fig. 4). The
amino-terminal lectin-binding domain. Accordingly, selectins

central element that confers specificity to the interaction is
bind to glycosylated and sialylated ligands with a rapid

the trimolecular complex of an antigen-specific T-cell receptor
association and dissociation constant. Selectins mediate

and an antigenic peptide bound to an MHC molecule. This
leucocyte ‘rolling’ along the endothelial cell wall and are

antigen-specific interaction is supported and strengthened
involved in the initial localization of leucocytes to

by multiple interactions between various adhesion and
inflammatory sites. There, the slowed, rolling leucocytes

costimulatory molecules and their counter-receptors.
are exposed to chemoattractants and cytokines, leading to

Depending on the strength of adhesion and on the combined
leucocyte activation, upregulation of additional adhesion

effects of the different costimulatory signals, an integrated
molecules, adherence to the endothelial lining, and eventually

response is generated in the ‘postsynaptic’ T cell, and usually
diapedesis and chemotaxis (cf. Fig. 5).

also in the ‘presynaptic’ antigen-presenting cell. Like a
Integrins are heterodimeric adhesion molecules composed

synapse of the nervous system, the immunological synapse
of noncovalently boundα and β subunits. Different

can generate long-lasting (‘memory’) changes in antigen-
combinations of subunits form functionally different

specific T cells in addition to a short-term response.
receptors. Integrins bind to a variety of extracellular matrix

The exact working of the immunological synapse is far
proteins (e.g. fibronectin, vitronectin, laminin, collagen) and

from understood. Clearly, however, this structure has to
to receptors of the Ig superfamily. A common ligand binding

be the central target for many selective and semiselective
motif for several integrins is the amino acid sequence

immunotherapies. As examples, immunotherapies targeted
arginine–glycine–aspartate (abbreviated RGD), which is

at cell adhesion molecules, costimulatory molecules or
found, for example, in fibronectin. ‘Peptidomimetic’ drugs

leucocyte differentiation antigens are considered in this
based on this motif are undergoing clinical trials in vascular

section. Of these different approaches, therapies directed
thrombotic disease and could also be useful for inhibiting

against T-cell costimulatory molecules appear to be the most
leucocyte binding in inflammatory diseases and metastatic

attractive, because they would allow for relatively selective
cancer. Another amino acid motif, leucine–aspartate–valine

manipulation of the ‘immunological synapse’. However, most
(LDV), is especially important for the interaction of integrin

of the adhesion, costimulatory and differentiation molecules
with VCAM-1 and fibronectin in inflammatory reactions.

discussed in this section have multiple functions so that the
Peptidomimetics of this motif are further candidate agents

distinction becomes blurred.
for the treatment of chronic inflammatory diseases.

Two prototypical integrin adhesion molecules are LFA-1
and the very late antigen (VLA)-4. LFA-1 is expressed on

Adhesion molecules most circulating leucocytes, binds to ICAM-1 and ICAM-2,
and acts as a cell adhesion and costimulatory molecule in T-
cell activation (Fig. 4). VLA-4, also found on activatedPrinciples.Adhesion molecules are cell surface proteins

that participate in leucocyte circulation, homing to tissues leucocytes, adheres to fibronectin VCAM-1, an adhesion
receptor of the Ig family, is expressed on vascular endothelialand inflammatory sites, and in the transendothelial migration.

Interaction of these molecules with their specific ligands cells. Integrins are known to exist in a low-affinity state and
one or several high-affinity (activated) states. Migrationmediates adherence of leucocytes to other cells, vascular

endothelium and the extracellular matrix (for reviews,see of leucocytes across the vascular endothelium is probably
mediated by fluctuation between these states.Hemler, 1990; Raineet al., 1990; Ruoslahti, 1991; Springer,

1994; Hogg and Berlin, 1995; Imhof and Dunon, 1995; The adhesion molecules of the Ig superfamily have Ig-like
amino acid domains. They include LFA-2 (CD2), LFA-3,Schwartz et al., 1995; McMurray, 1996). In particular,

adhesion molecules participate in essentially all cellular ICAM-1, ICAM-2, and VCAM-1. ICAM-1 and VCAM-1
are the principal counter-receptors of LFA-1 and VLA-4,interactions between immune cells. Many of these molecules
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Table 3 Cell adhesion molecules

Name Ligand Expression (constitutive or induced)

Adhesion receptors of the selectin family
L-selectin Glycosylated mucinlike molecules T, M, PMN
E-selectin Sialylated mucinlike molecules activated EC
P-selectin P-selectin glycoprotein ligand 1 P, activated EC

Mucin-like vascular addressins
CD34 L-selectin EC
GlyCAM-1 L-selectin High endothelial venules
MAdCAM-1 L-selectin, VLA-4 Mucosal lymphoid tissue venules

Adhesion receptors of the integrin family
α4β1 (VLA-4) VCAM, FN (CS-1), PP-HEV T, B
α5β1 (VLA-5) FN (RGD) T, EC, epithelium, P
α6β1 (VLA-6) LM T, P
αLβ2 (LFA-1, CD11a/CD18) ICAM-1, ICAM-2 Leucocytes
αMβ2 (MAC-1, CR3, CD11b/CD18) ICAM-1, iC3b, FN, FX M, PMN
αxβ2 (CR4, p150.95, CD11c/CD18) FN, iC3b M
α4β7 MAdCAM-1, VCAM B, T

Adhesion receptors of the Ig superfamily
ICAM-1 (CD54) αLβ2, aMβ2 activated EC, Lymphocytes
ICAM-2 (CD102) αLβ2 resting EC
ICAM-3 (CD50) αLβ2 APC
VCAM (CD106) α4β1 activated EC
LFA-2 (CD2) LFA-3 T
LFA-3 (CD58) CD2 (LFA-2) Lymphocytes, APC

APC 5 antigen-presenting cell; CAM5 cell adhesion molecule; CR5 complement receptor; EC5 endothelial cell; FN5 fibronectin;
HEV 5 high endothelial venule; ICAM5 intercellular adhesion molecule; LFA5 lymphocyte-function associated antigen; LM5
laminin; M 5 monocyte/macrophage; P5 platelet; PMN5 polymorphonuclear leucocyte; PP5 Peyer’s plaque; VCAM5 vascular cell
adhesion molecule; VLA5 very late antigen.

respectively (Table 3). ICAM-1 can be induced on a wide molecules, which could competitively bind to ligands or
counter-receptors.variety of cells. Cytokine stimulation of endothelial cells

increases leucocyte adhesion primarily through increased Clearly, an understanding of cell adhesion is important for
clininal applications, and cell adhesion molecules are potentialICAM-1 expression, which promotes adherence of LFA-1-

positive leucocytes to inflammatory sites. VLA-4/VCAM-1 targets for immunotherapy. The principal validity of this
approach has been demonstrated in experimental models ofadhesion may be primarily responsible for prolonged cell

adhesion to endothelium at inflammatory sites. An important human disease and in pilot clinical trials. Most strategies of
targeting adhesion molecules rely on monoclonal antibodiesfeature of integrins is that they exist in different

conformational states; an activated cell can transmit a signal against adhesion molecules or recombinantly expressed
soluble adhesion receptors. An additional approach is tofrom its cytoplasm that modifies the conformation of the

extracellular domains of integrins on the cell surface, design small peptide and nonpeptide inhibitors of adhesion
molecules, such as, for example, RGD-peptide inhibitors ofincreasing the affinity of the integrins for their ligands (‘inside

out signalling’). integrins (seeabove) or glycomimetic inhibitors of selectins.
In addition to avidity changes of existing adhesion

molecules, adherence is regulated by modulation ofEvidence.There is increased expression of various cell
adhesion molecules in the CNS in EAE and multiple sclerosis,expression of adhesion molecules. Differential expression

and distribution of adhesion molecules determines homing especially in and around microvessels, pointing to an
important immunopathogenetic role of these molecules (forof leucocytes to organs and sites of inflammation. Cytokines

have a pivotal role in the regulation of adhesion molecule reviews,seeRaine et al., 1990; Crosset al., 1991; Fabry
et al., 1994; Raine, 1994). As expected, inflammatory cells inexpression. For example, the proinflammatory cytokines

TNF-α, interferon-γ, IL-1 and IL-6 increase the expression multiple sclerosis lesions express various adhesion molecules,
consistent with their active role in the inflammatory process.of many adhesion molecules. In addition to cytokines, many

other soluble factors influence leucocyte chemotaxis, Elevated levels of circulating adhesion molecules have also
been observed, but their value as indicators of disease activityadhesion and accumulation at inflammatory sites. These

factors include chemoattractants and leucocyte activators is limited (for review,see Hartung et al., 1995). Raised
concentrations of soluble E-selectin were described in patientssuch as endotoxin, complement components, leukotriene B4,

histamine, thrombin, and chemokines. Adhesion interactions with primary progressive but not relapsing–remitting multiple
sclerosis (Giovannoniet al., 1996).are potentially further regulated by soluble cell adhesion
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In Lewis rats, T-cell transfer EAE could be prevented by endothelial cells and platelets. At present, it appears that the
widely distributed adhesion receptors are less attractive targetsa single intraperitoneal injection of a monoclonal antibody

directed againstα4β1 integrin (Yednocket al., 1992). It is for immunotherapy than are the costimulatory molecules
selectively expressed at the ‘immunological synapse’ (seethought that the antibody, which was administered 2 days

after injection of the encephalitogenic T cells, acts mainly next section).
by blocking the entry of secondarily recruited host T cells
and monocytes into the CNS (Yednocket al., 1992). Indeed,

Costimulatory molecules: the CD28/CTLA-4–B7-surface expression ofα4 integrin by CD41 T cells has been
shown to be required for their entry into brain parenchyma1/B7-2 and CD40–gp39 systems
(Baron et al., 1993). In guinea pigs, actively induced EAE
was prevented and reversed with a monoclonal antibodyPrinciples. In general, T and B cells require two distinct

types of signal for effective activation. One signal originatesagainstα4 integrin (Kentet al., 1995). An alternative strategy
would be to use soluble adhesion receptors, for example from the ligation of the T-cell receptor complex and its

coreceptors (CD4 and CD8) to an antigenic peptide boundsoluble recombinant VCAM-Ig fusion protein, rather than
antibodies. to the presenting MHC molecule (trimolecular complex). The

second signal is dependent on either soluble factors such asMonoclonal antibody against ICAM-1 suppressed MBP-
induced EAE in Lewis rats but had only a minor effect IL-2, or the ligation of cell surface molecules that provide

essential costimulatory signals complementary to T-cellin the adoptive T-cell transfer model, indicating that the
monoclonal antibody acted mainly on the induction phase receptor engagement (Fig. 4). Two important costimulatory

pathways, the CD28/CTLA-4 –B7-1/B7-2 and the CD40–of the immune response and to a lesser extent, on the
transendothelial migration of T cells (Archeloset al., 1993). gp39 system, are described in this section. Growing evidence

indicates that interfering with these costimulatory signalsOn the other hand, recombinant soluble ICAM-1 inhibited
lymphocyte attachment to cultured cerebral endothelial cells, causes negative signalling of the antigen-activated T cells and

results in T-cell ‘anergy’ (antigen-specific nonresponsiveness;indicating that sICAM-1 might be a candidate agent for
therapy (Rieckmannet al., 1995). Treatment with monoclonal for review,seeSchwartz, 1996).

B7–1 and B7–2 are both members of the Ig superfamilyantibodies against the counter-receptors of ICAM-1, theβ2
integrins LFA-1 and the MAC-1 adhesion molecule (see and act as counter-receptors for CD28 and CTLA-4

(Lenschowet al., 1996). B7–1 is expressed on activated BTable 3), delayed the onset, and diminished the severity, of
T-cell transfer EAE in mice (Gordonet al., 1995). In a cells and T cells, and also on a variety of antigen-presenting

cells including dendritic cells and activated monocytes. Highdifferent study, however, EAE was augmented by another
anti-LFA monoclonal antibody (Welshet al., 1993). levels of B7–2 are constitutively expressed on dendritic cells

and monocytes, and are rapidly induced by activation on BIn patients with rheumatoid arthritis, a 5-day course of
treatment with mouse anti-ICAM-1 monoclonal antibody cells and T cells (Lenschowet al., 1996). On B cells, B7–1

and B7-2-expression is regulated by a variety of cell surfacereduced T-cell reactivity (as measuredin vitro) for several
months (Daviset al., 1995). This would indicate that treatment glycoproteins, including signalling through CD40.

Furthermore, B7–1 and B7–2 are regulated by cytokines. Forwith anti-ICAM antibodies not only affects T-cell migration
but also T-cell activation through the ‘immunological example, IL-4 and interferon-γ increase the expression of

B7. In contrast, IL-10 downregulates B7 expression,synapse’, leading to more lasting changes in T-cell reactivity.
Monoclonal antibody directed against CD2 suppressed or indicating that the immunosuppressive properties of IL-10

may, in part, be mediated by its regulation of the CD28/ameliorated both actively induced- and T-cell transfer-EAE
in Lewis rats (Junget al., 1995). Because antigen-induced CTLA-4 ligands (Lenschowet al., 1996).

CD28 is constitutively expressed on the majority of humanactivation of the T cells was not inhibited, the therapeutic
effect was apparently brought about by inhibition of T-cell T cells. Expression is increased following T-cell activation.

In contrast, CTLA-4 is not constitutively expressed, butmigration into the CNS (Junget al., 1995).
induced after T-cell activation. Both CD28 and CTLA-4 exist
mainly as disulphide-linked homodimeric glycoproteins. InProblems.By definition, anti-adhesion therapies are nonse-

lective. Effective anti-adhesion agents are likely to affect addition, the two molecules are likely to exist in multiple
isoforms (Lenschowet al., 1996). CD28 signalling facilitatesleucocyte migration in general and could thus have undesired

effects in situations where a strong inflammatory reaction is the initiation of T-cell responses, prevents apoptosis and
helps to sustain T-cell proliferation. Furthermore, B7/CD28needed. Furthermore, therapeutic manipulation of adhesion

molecules could affect important ‘nonimmunological’ tissue plays a fundamental role in the early development and
differentiation of both TH1 and TH2 cells; in the absence ofreactions such as wound repair, haemostasis and fertility.

Indeed, much research activity in this area of pharmacology CD28 signalling, naive T cells are biased towards the TH1
type. There is evidence for a differential effect of B7–1 andis related to angiogenesis, cancer, thromboembolic disorders

and atherosclerosis. This is not surprising since many of B7–2 in that B7–1 and B7–2 seem to control TH1 and TH2
development, respectively (Lenschowet al., 1996).the adhesion receptors listed in Table 3 are expressed on



892 R. Hohlfeld

The precise function of CTLA-4 is still controversial. with interferon-γ (Satohet al., 1995; Shrikant and Benveniste,
1996). In acute multiple sclerosis plaques, there is increasedCTLA-4 has a higher affinity for B7–1 and B7–2 than CD28.

Early studies indicated that CTLA-4 plays a similar role expression of B7–1 (CD80), predominantly in perivenular
inflammatory lymphocytes, and of B7–2 (CD86), pre-as CD28 in the regulation of T-cell responses. However,

more recent studies suggest that CTLA-4 acts as a dominantly in microglia and macrophages, pointing to an
important role of the B7–CD28 system in the local activationdownregulatory molecule in T-cell activation. Thus, under

normal circumstances, the CD28/B7 system will serve to of T cells in CNS lesions (Williamset al., 1994; De Simone
et al., 1995; Windhagenet al., 1995a).both upregulate and downregulate immune responses. Any

disturbance in this delicate balance may dysregulate the Possibilities for therapeutic manipulation of the CD28–B7
pathway have received much attention. Targeting this pathwayimmune response.

A second important costimulatory pathway is mediated byin vivo may represent a novel method of immunosuppression
in which only the antigen-specific T cells are affectedinteraction of CD40 with its ligand gp39 (also referred to as

CD40-L) (Fig. 4) (Foyet al., 1996). CD40 is a member of (made more tolerant), whilst the majority of T cells are not
influenced. One of the most attractive features of this approachthe TNF receptor family. Its distribution was originally

thought to be restricted to B cells and dendritic cells, but is that, at least theoretically, permanent antigen-specific
tolerance could be achieved by a short course of treatmentmore recently it has been shown to be expressed on other

cells including macrophages, endothelial cells and thymic (Lenschowet al., 1996).
Most experimental therapies have relied either on anti-B7epithelial cells. The ligand of CD40, gp39, is structurally

related to TNF-α and lymphotoxin. Like TNF, gp39 forms a monoclonal antibody or on a CTLA4-Ig fusion protein.
Therapy with anti-B7–1 (but not anti-B7–2) monoclonaltrimer capable of binding, and thereby cross-linking, three

CD40 molecules. It is expressed on several cell types, antibody blocked clinical relapses, ameliorated CNS patho-
logy, and blocked epitope spreading in relapsing murine EAEincluding activated T cells, basophils and eosinophils (Foy

et al., 1996). induced with PLP peptide (Milleret al., 1995b). Treatment
with anti-B7–1 predominantly induced TH2 T-cell clones,CD40–gp39 interactions play a pivotal role in expansion

and differentiation of resting B cells. Cross-linking of surface which prevented induction of EAE and abrogated established
disease when transferred into PLP-immunized mice (KuchrooCD40 is an extremely effective means to prevent apoptosis

of B cells in germinal centres. Stimulation by gp39 is alsoet al., 1995). Administration of anti-IL-4 monoclonal antibody
abolished the protective effect of anti-B7–1 antibody. Takencritical for B cells to express high levels of costimulatory

molecules and to mature to ‘competent’ antigen-presenting together, these results indicate that treatment with anti-B7
antibodies differentially influences the development of TH1cells. Once matured, the B cells can reciprocally trigger T

cells via costimulatory molecules to maximize the signalling and TH2 cells, thereby altering the course of autoimmune
disease.of T-cell growth and lymphokine production. In addition to

their prominent effects on B cells, CD40–gp39 interactions Administering cytotoxic T-lymphocyte adhesion protein
(CTLA)-4Ig to donor mice, or duringin vitro activation ofare thought to participate in negative thymic selection of T

cells (Foyet al., 1996). Furthermore, CD40–gp 39 interactions MBP-specific T cells, reduced the clinical severity of adopt-
ively transferred chronic relapsing EAE (Perrinet al., 1995).seem to play a central role not only in host defense but also

in the regulation of T-cell responses and in peripheral T-cell In contrast, after the transfer of MBP-activated T cells,
treatment of recipient animals with CTLA-4Ig had no effect.tolerance (Grewal and Flavell, 1996; Noelle, 1996). This has

been suggested by experiments with a model of allograft In actively induced EAE, systemic administration of CTLA-
4Ig suppressed clinical disease (Crosset al., 1995; Khouryrejection in which transplantation tolerance could be induced

by the coadministration of allogeneic B cells and anti-gp39et al., 1995; Arima et al., 1996; Perrin et al., 1996).
Immunohistological studies showed that CTLA-4Ig therapyantibody. These results indicate that antigens displayed on B

cells are tolerogenic in the absence of a CD40-mediated reduced expression of TH1- (but not TH2)-type cytokines in
the CNS, indicating that blocking the CD28–B7 pathwaycostimulatory signal.

CD40L-deficient mice that carried a transgenic T-cell causes immune deviation from TH1 to TH2 (Khouryet al.,
1995). In a rat model of cardiac allotransplantation, combinedreceptor specific for MBP failed to develop EAE after priming

with antigen (Grewalet al., 1996). When these mice were treatment with CTLA-4Ig and anti-CD4 antibody induced
permanent tolerance, suggesting that an appropriate combina-provided with B7.11 antigen-presenting cells, the transgenic

T cells were stimulated to produce interferon-γ and induce tion therapy targeted against different molecules of the
immunological synapse can be very effective (Yin andEAE, demonstrating that CD40L is required to induce

costimulatory activity on antigen-presenting cells forin vivo Fathman, 1995). Similarly, combined treatment with CTLA-
4Ig and anti-gp39 monoclonal antibody resulted in long-termactivation of CD41 T cells.
acceptance of skin and cardiac allografts in mice (Larsen
et al., 1996). Systemic injection of antigen-presenting cellsEvidence.B7–2 (CD86) is constitutively expressed in

cultured human microglia cells (but not astrocytes), and B- treatedex vivo with an encephalitogenic MBP peptide and
CTLA4-Ig (but not CTLA4-Ig alone) protected rats from7–1 (CD80) can be induced in microglia (but not astrocytes)
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clinical EAE, indicating thatex vivo blockade of CD28- theoretically inhibit both T and B-cell responses. Special
caution is warranted since CD40 is expressed not only onB7–1 leads to the generation of (presumably TH2) regulatory

cells (Khouryet al., 1996). antigen-presenting cells but also on other cells including
endothelial cells. Therefore, anti-CD40 antibodies would beAdministering anti-B7 antibodies or CTLA-4 fusion

protein are not the only ways to interfere with costimulatory expected to bind to endothelial cells in many tissues, with
unpredictable adverse consequences. For example, cytokine-signals in T cells. For example, application of antibody

against EPR-1 (effector cell protease receptor-1), a cell- stimulated human monocytes and endothelial cells were
sensitized to the cytotoxic effects of an anti-CD40membrane receptor involved in signal transduction, inhibits

protease-dependent mechanisms of lymphocyte costimulation immunotoxin (Franciscoet al., 1996). Thus, anti-CD40-L
antibodies or soluble CD40 ligand may be more promising(Duchosal et al., 1996). The role of EPR-1 in immuno-

regulation identifies this receptor molecule as a potential candidates for therapy. These agents could be combined with
CTLA-4Ig for more complete immunosuppression.target for therapeutic immunosuppression.

Problems.The relative roles played by the different co-
stimulatory molecules during an immune response (and henceLeucocyte-differentiation molecules
the effects of treatment) are likely to depend on a variety of
factors, including the nature of the antigen-presenting cellPrinciples.The term ‘differentiation’ molecule is purely

operational, indicating that the pattern of expression ofexpressing the B7 molecules, the affinity of the B7 molecules
for CD28 or CTLA-4, the cytokine milieu, and the levels of these molecules can help to distinguish between the differ-

ent maturational stages of a cell. Clearly, the variousB7–1 and B7–2 expression. Furthermore, certain antibodies
may have a stimulatory rather than ‘blocking’ effect on their differentiation molecules have functions other than serving

as labels for developmental stage. Most therapies targetedtarget receptor. For example, both anti-B7–1 monoclonal
antibody (Lenschowet al., 1996) and anti-B7–2 monoclonal against these differentiation ‘markers’ aim at the depletion

or functional inactivation of those cells that carry theantibody (Kuchrooet al., 1995) may exacerbate rather than
suppress EAE under certain conditions. A further problem is respective marker.
that combined treatment with different antibodies may result
in paradoxical exacerbation rather than improvement. ForEvidence. Monoclonal antibodies against T-cell differ-

entiation molecules have been used for immunosuppressiveexample, co-injection of anti-B7-1 and anti-B7–2 monoclonal
antibody induced marked exacerbation of actively induced treatment of transplantation rejection and various autoimmune

diseases, including multiple sclerosis. Early phase I studiesEAE in mice, although in this system, injection of either
antibody alone had a beneficial (anti-B7–1) or neutral (anti- in multiple sclerosis showed that anti-T-cell monoclonal

antibody infusions suppressedin vitro measures of the humanB7–2) effect (Perrinet al., 1996).
Another important factor is the timing of treatment. For immune response (Hafleret al., 1988). With repeated

infusions, human anti-mouse antibodies were found in theexample, B7–2 appears to play a critical role prior to
antigen exposure (e.g. transplantation). In contrast, B7–1 circulation. Anti-CD3 infusions were associated with

significant toxicity (Weinshenkeret al., 1991). An open trial ofplays an important role in the control of the immune response
after antigen exposure (e.g. chronic autoimmune disease) a mouse-human chimeric anti-CD4 monoclonal antibody, cM-

T412, induced a long-lasting reduction of circulating CD41(Lenschowet al., 1996). In EAE, a single injection of CTLA-
4Ig suppressed disease, while multiple injections resulted in T cells without major side effects (Lindseyet al., 1994). A

controlled clinical trial of the same monoclonal antibody wasenhanced disease (Rackeet al., 1995). This is consistent with
an essential timing requirement for the coordinated interaction essentially negative (van Oostenet al., 1996a). Patients

treated with a single course of CAMPATH-1H, a ‘humanized’of B7 and CD28 family receptors.
Thus, the CD28/CTLA-4 –B7-1/B7-2 system of costimula- monoclonal antibody against CD52, developed lymphopaenia

that was sustained for over 1 year (CD52 is expressed on alltory molecules once again illustrates an important general
principle, namely that the manipulation of any one component lymphocytes and some monocytes) (Moreauet al., 1996). In

this study, antibody infusion was often accompanied byof a complex functional network may produce unpredicted
overall effects, especiallyin vivo. CTLA-4 seems to be a significant clinical exacerbation, which correlated with

increased levels of proinflammatory cytokines.major negative regulator of (auto)immune T-cell function.
This explains, for example, why anti-CTLA-4 antibodies or CD4 and CD52 are examples of widely expressed leucocyte

differentiation antigens. Clearly, the more restricted theF(ab) antibody fragments accelerate and exacerbate relaps-
ing–remitting EAE mediated by T cells specific for peptide expression of a target molecule is, the greater the chances

are that immunotherapy has a selective effect. For example,139–151 of PLP in SJL/J mice (Karandikaret al., 1996;
Hurwitz et al., 1997). The immunosuppressive effects of OX-40 is a surface molecule exclusively expressed on

activated CD41 T cells, usually,1% of peripheral CD41soluble CTLA-4Ig are presumably explained by inhibition
of (stimulatory) interactions between B7 and CD28. T cells. This protein is selectively upregulated, e.g. on MBP-

specific T cells, at the site of inflammation during onset ofTherapies targeted against CD40 or CD40-L may
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this concept is valid and which antibodies should be combined
needs to be investigated. Innovative strategies such as the
reverse synthesis ofD-amino acid peptides (Jamesonet al.,
1994) are likely to be strong competitors for antibody-based
therapies.

Immunotherapies targeting the ‘trimolecular
complex’
It is the trimolecular complex (TMC) of antigen-specific
T-cell receptor, antigenic peptide and MHC molecule that
confers specificity to the interaction between the T cell
and antigen-presenting cell at the immunological synapse

Fig. 8 Two-dimensional model of a peptide engineered by reverse(Fig. 4). Therefore, the TMC has long been considered as
synthesis and change in chirality. The aim of this approach the ultimate target for highly selective, antigen-specific
(Jamesonet al., 1994) is to generate a protease-resistant copy of

immunotherapy (Hohlfeld, 1989; Wraithet al., 1989). Inthe peptide consisting of threeL-amino acids (left). The peptide
principle, each component of the TMC can be targeted.consisting of theD forms of the same amino acids, arranged in

the same sequence, represents a mirror image of original peptideThe MHC molecule could be blocked by anti-MHC
(middle). However, the peptide consisting of the sameD amino antibodies or ‘blocking peptides’, the antigen (or antigenic
acids in reversed order (right) represents an exact copy of the peptide) could be applied in such a way that the autoreactive
original peptide. This can be demonstrated by rotating the peptide

T cells are inhibited rather than stimulated, and the T-in the paper plane (seetext for details).
cell receptor could be targeted with anti-T-cell receptor
antibodies or by T-cell or T-cell receptor peptide vaccination.

EAE. An immunotoxin, constructed by coupling anti-OX-40
monoclonal antibody to ricin A, ameliorated adoptive transfer
EAE in rats when treatment was administered on the firstMajor histocompatibility complex inhibitors
day of disease onset (Weinberget al., 1996).

Monoclonal antibodies are not the only therapeutic agents
Principles.Many autoimmune diseases are associated withfor targeting leucocyte differentiation antigens. For example,
certain MHC alleles. Therefore, attempts have been made toEAE was inhibited with a small synthetic peptide analogue
interfere with the onset of such diseases by inhibiting the T-of CD4, which was designed by molecular modelling of the
cell populations that recognize antigens in the context ofCD4 protein surface (Jamesonet al., 1994; Marini et al.,
these particular MHC molecules. Both anti-MHC antibodies1996). In contrast to naturally occurring proteins, the synthetic
and MHC-binding ‘competitor’ peptides have been used forpeptide consisted ofD-amino acids. It was modelled by
this purpose. It should be noted, however, that the results ofreverting the sequence of a critical ‘hairpin loop’ region of
some of the early experiments may have been misinterpreted,the CD4 molecule. The combined effect of reverse synthesis
and that the concept of ‘blocking peptides’ is probably anand change in chirality is that the synthetic peptide represents
oversimplification (Vaysburdet al., 1995).an identical copy of its naturally occurring counterpart (Fig.

8). Since virtually all proteases cleave peptide bonds between
L-amino acids, the synthetic peptide is resistant to proteolysis.Evidence.Experimental autoimmune diseases including
Further potential advantages of this approach are that theEAE have been treated or prevented with antibodies directed
synthetic peptide showed little immunogenicity and thatagainst the MHC molecule presenting the autoantigen
CD41 T cells were inhibited but not depleted by the peptide(Steinmanet al., 1981) or at the complexes formed between
treatment. Interestingly, the CD4 mimetic peptide apparentlyclass II molecules and autoantigenic peptides (Aharoniet al.,
did not inhibit the CD4–MHC class II interaction, but acted 1991). Furthermore, MHC-binding peptides, which may or
at the level of the T cell, perhaps by uncoupling CD4 frommay not be related to the autoantigenic peptide (Lamont
the signal transduction machinery (Jamesonet al., 1994). et al., 1990; Waubenet al., 1994; Gautam, 1995), have been

used for blocking the binding site of those class II molecules
that are associated with autoimmune diseases, thus reducingProblems.Monoclonal antibodies against widely distributed

leucocyte surface determinants are unlikely to find a major their capacity to bind autoantigen (for review,seeAdorini
et al., 1993). Vaccination with peptides from MHC classplace in the immunotherapy of multiple sclerosis, owing to

their side effects, immunogenicity and lack of selectivity. It is, II beta chain hypervariable region causes allele-specific
suppression of EAE, possibly due to the generation ofhowever, conceivable that certain combinations of antibodies

might induce a lasting state of self-tolerance in T cells, auto-anti-MHC class II antibodies that interfere with T-cell
sensitization (Brightet al., 1996).provided they are applied at an optimal time point. Whether
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Problems.Since the MHC molecule is the least variable selective immunotherapy. (A corollary to the novel concepts
of T-cell stimulation is that a single T-cell receptor is notcomponent of the TMC, MHC-blocking strategies based

on anti-MHC antibodies or ‘promiscuous’ MHC-binding strictly monospecific for just one peptide/MHC combination;
it may cross-react with a large number of different ligands;peptides are comparatively nonspecific, even though they are

targeting the TMC. In addition, anti-MHC antibody therapiesseePart 1.)
Peptide antigens need to make make contact with twoare facing the same problems as other antibody-based

therapies. Regarding MHC-blocking peptides, many practical much larger proteins, the MHC molecule (expressed on the
antigen-presenting cell) and the T-cell receptor (expressedissues remain unresolved. For example, appropriate delivery

systems are required to achieve the sustained plasma levels on the T cell; Figs 3 and 9). It is therefore possible to
distinguish between residues of the antigenic peptide criticalof soluble MHC antagonists necessary for effective inhibition

of T-cell activation. Further problems, which are shared with for MHC binding, T-cell receptor binding or both. Regarding
MHC binding, three-dimensional atomic structures of severalother peptide therapies, are the poor oral bioavailability and

very short plasma half-life after parenteral administration. MHC class I and II molecules revealed that binding of the
peptide ‘main chain’ is supplemented by the binding of
peptide ‘anchor side chains’ into ‘pockets’ of the MHC
molecule (Fig. 9) (Madden, 1995). Because the stereo-Altered peptide ligands
chemistry of these pockets varies between different MHC
alleles, different MHC molecules tend to present a differentPrinciples. For many years, antigen-induced stimulation

of T cells was considered strictly as an ‘all-or-nothing’ spectrum of peptides.
Regarding T-cell receptor binding, peptides possessphenomenon; if the T-cell receptor bound tightly to the

MHC–peptide complex, the T cell was fully activated and primary and secondary T-cell receptor contact sites (Sloan-
Lancaster and Allen, 1996). APL are defined as analogueswould differentiate, produce cytokines, help B cells or kill

target cells, and proliferate; in other words, antigen of immunogenic peptides in which these T-cell receptor
contact sites have been manipulated, usually by substitutionstimulation would always generate a full immune response.

This simple view has dramatically changed in recent years, with another amino acid. While these peptides do not stimulate
T-cell proliferation, they nevertheless have the capacity toand a whole new field of T-cell biology has opened. This

is centred around the concept of ‘partial agonism’ and activate some T-cell receptor-mediated functions. Antagonist
peptides are defined as analogues that specifically down-‘antagonism’ of peptide ligands (for review,see Sloan-

Lancaster and Allen, 1996). ‘Altered peptide ligands’ (APL), modulate the agonist-induced response. These operationally
defined functions are not mutually exclusive and often dependwhich differ by as few as one or two amino acids from

the peptide generating the full immune response, can bind to on the experimental system.
The properties of individual APL depend on their structuralthe T-cell receptor without triggering the full programme of

T-cell activation. For example, an APL may partially activate homology with the agonist ligand; peptides that contain very
conservative substitutions at defined secondary T-cell receptora helper T cell to produce IL-4 and help B cells, but fail to

induce proliferation. Although APLs only need to be different interaction sites act both as partial agonists and efficient
antagonists. More deviant peptides retain the antagonistfrom the antigenic (unaltered) ligand in a subtle manner, how

these subtle differences are translated into the observed function, but loose their partial agonist property. Extensively
substituted peptides loose both functions and become neutral.differences in biological response is not clear. Current theories

can be grouped into the kinetic and conformational models. Of note, amino acid substitutions at the primary T-cell
receptor contact site completely abolish all detectable activityIn the kinetic model, the T-cell receptor has a reduced affinity

for the APL as compared with the antigenic ligand. This (Sloan-Lancaster and Allen, 1996).
Taken together, these observations suggest a ‘threshold-results in a reduction in the time that the T-cell receptor

remains engaged with its ligand. A short interaction with of-activation’ model for T-cell signalling. According to this
model, successful stimulation of individual T-cell functionsligand then results in the transduction of a different signal

through the T-cell receptor than that induced by the longer depends on a certain critical level of activation, with each
function requiring a particular threshold (Sloan-Lancasterinteraction with the unaltered ligand. In a conformational

model, the transduction of signals through the T-cell receptor and Allen, 1996). How the binding of an APL is transmitted
via the T-cell receptor across the T-cell membrane to modifyinvolves some kind of conformational change in the T-cell

receptor upon recognition of ligand. This change is postulated intracellular events is not completely clear. It appears, how-
ever, that peptide affinity is a critical factor. Agonist ligandsto depend on the nature of the ligand (APL versus unaltered

ligand). At present, the majority of experimental data tend have higher T-cell receptor affinity than antagonist ligands,
and antagonist ligands have higher affinity than neutralto favour the kinetic model.

Although the exact mechanism of the ‘partially agonistic’ (‘null’) ligands. Apparently, the rate of dissociation of
ligand from T-cell receptor is a major determinant of theproperties of APL is not completely understood, the field of

‘APL engineering’ has quickly gained a lot of attention, and agonist and antagonist properties of a ligand (Rabinowitz
et al., 1996). It is thought that T-cell activation involves aAPL are widely considered attractive candidates for antigen-
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Fig. 9 Model of the antigen-binding cleft of MHC class I and II molecules as it would be ‘seen’ by the T-cell receptor. In MHC class I
molecules (A, C) the peptide is bound in an elongated conformation with both ends tightly bound at either end of the cleft. In MHC
class II molecules (B andD) the peptide is also bound in an elongated conformation but the ends of the peptide are not tightly bound
and the peptide extends beyond the cleft. The ‘ribbon diagrams’A andB illustrate that the sides of the cleft are formed by twoα
helices, whilst the floor consists of theβ-pleated sheet formed by the pairing of theα1 andα2 domains of the MHC class Iα chain (A),
or the pairing of theα1 andβ1 domains of the MHC class IIα andβ chains (B). C andD show computer graphics representations of
the antigenic surface formed by the top part of the MHC molecule (light green) and bound peptide (purple). Subtle modifications of the
‘upper’ (T-cell receptor-facing) part of the peptide can convert an antigenic (encephalogenic) peptide into an ‘altered peptide ligand’.See
section on altered peptide ligands for details.

number of distinct signalling ‘modules’ that can be selectively in T cells [anergic T cells are subsequently unable to respond
to stimulatory ligands (Sloan-Lancaster and Allen, 1996)]. Atriggered after ligand binding. Differential activation of these

modules seems to depend on the way the CD3 proteins, less attractive, presumably only transient effect of APL would
be simple competition with the unaltered ligand for T-cellwhich are always associated with the T-cell receptor, are

initially phosphorylated during the cascade of signalling receptor binding (‘passive antagonism’).
events (Sloan-Lancaster and Allen, 1996).

In principle, stimulation of T cells by APL could have Evidence.APL are highly effective inhibitors of disease in
different EAE models (Smileket al., 1991; Francoet al.,several different consequences which could be useful for

immunotherapy. Most desirable for therapeutic purposes 1994). One possible mechanism is downregulation of the
production of TH1 cytokines such as interferon-γ and TNF-would be a long-lasting change of the properties of autoreac-

tive T cells. Such effects have indeed been observed inα in encephalitogenic T cells (Karinet al., 1994). This would
imply that therapy with a single APL peptide modulates notsome experimental systems. For example, certain APL can

modulate the cytokine pattern of T cells (Windhagenet al., only T cells expressing the appropriate T-cell receptor but
also ‘bystander’ T cells expressing different T-cell receptors1995b). Furthermore, APL could induce a form of ‘anergy’
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(Kuchroo et al., 1994). It seems indeed that treatment with tered antigens either induce activity in regulatory cells that
‘suppress’ the antigen-specific response (low doses), or inhibitAPL may selectively silence the pathogenic T cells and, in

addition, affect the secondarily recruited bystander T cells antigen-specific T cells by induction of clonal anergy (high
doses). (The doses being used in clinical trials are designedvia production of TH2 cytokines (e.g. IL-4) and reduction

of TNF-α in the lesion (Brockeet al., 1996). Genetically to induce regulatory T cells rather than anergy).
Antigens that pass through the gut preferentially induceengineered variants of APL might be used for more efficient

presentation, for example by targeting fusion proteins of APL TH2-type T cells that secrete IL-4, IL-10 and TGF-β. Such
cells leave the gut and migrate to the organs that contain theand antibody to surface receptor expressed on antigen-

presenting cells, e.g. the type I Fc receptor for IgG (Liu fed antigen. The TH2 cells then are locally stimulated to
release their anti-inflammatory cytokines. In this way, oralet al., 1996a; Leggeet al., 1997).
tolerance could be viewed as a natural drug delivery system
in which anti-inflammatory cytokines are delivered to selectedProblems.Therapy with APL peptides is hampered by the

same general problems as other peptide-mediated therapies, sites (Weineret al., 1994). Because the regulatory cells
activated during oral development of tolerance are triggeredespecially problems relating to peptide delivery and bio-

availability. Furthermore, if APL therapy affected only T in an antigen-specific fashion, but suppress in an antigen-
nonspecific fashion, they mediate ‘bystander suppression’cells capable of reacting with the APL, then this strategy

would be likely to fail in human disease. The reason for when they encounter the fed autoantigen at the target organ.
Therefore, proponents of oral tolerance often stress that thisthis pessimistic view is that the human autoimmune T-cell

response is much more complex than the strikingly limited therapy has the advantage that extracts of target organ (i.e.
brain in the case of multiple sclerosis) can be administeredT-cell response observed in some EAE models (seesection

on T-cell vaccination). It must be anticipated that APL without the need to know what the autoantigen is. In terms
of cost, safety and simplicity, oral administration is clearlytherapy, like other selective immunotherapies, will only work

if the therapy can be ‘individualized’ by developing specific an optimal route for drug delivery.
APL ‘cocktails’ for individual patients or groups of patients
with similar immunological features. Evidence. Orally administered autoantigens suppress

several experimental autoimmune models in a disease- andOn the other hand, if the encouraging data suggesting a
more widespread effect of APL treatment on bystander T antigen-specific fashion; the diseases include experimental

autoimmune encephalomyelitis, uveitis and myastheniacells (‘bystander suppression’ is the term for this favourable
phenomenon) can be corroborated, then this treatment could gravis, collagen- and adjuvant-induced arthritis, and diabetes

in the NOD (non-obese diabetic) mouse (Weineret al., 1994).hold substantial promise (for review,seeSteinman, 1996).
But even then, there must be concern that the autoimmune In some EAE models, intranasal application of encephalito-

genic peptide seems to be more effective than oral administra-reaction finds a way to evade the effects of APL therapy, for
example, by epitope spreading. It is therefore important to tion (Metzler and Wraith, 1993). Whether this and other

variant protocols involving development of mucosal toleranceperform more detailed studies on the long-term effects of
APL treatment in different experimental systems, especially (e.g. feeding MBP-toxin conjugates;seeSun et al., 1996)

have any advantages has not been established.chronic EAE models. Whether the effects of APL observed
in experimental systems can be achievedin vivo in the human Evidence for ‘bystander suppression’ comes from experi-

ments suggesting that MBP- or PLP-induced EAE in theimmune system and if so, whether they can be employed for
the treatment of multiple sclerosis patients, is presently open. mouse can be suppressed by feeding MBP (Al-Sabbaghet al.,

1994), and PLP-induced disease can be suppressed by MBP-
specific regulatory T-cell clones (Chenet al., 1994). Oral
tolerance is being tested clinically in a number of humanOral tolerance
diseases, including multiple sclerosis, rheumatoid arthritis,
uveitis and juvenile diabetes. A pilot trial in relapsing–Principles.The term ‘oral tolerance’ refers to the observa-

tion that proteins passing through the gastrointestinal tract remitting multiple sclerosis was too small to draw conclusions
and lacked MRI evidence (Weineret al., 1993).generate antigen-specific hyporesponsiveness (for review,see

Weineret al., 1994). Because other mucosal surfaces, e.g. in
the respiratory tract, have similar properties, the termProblems.Whether oral or mucosal tolerance will have a

place in the treatment of multiple sclerosis depends largely‘mucosal tolerance’ is often used interchangeably.
It is thought that oral tolerance evolved to allow the gut- on the results of ongoing clinical trials. For how long

mucosal antigens need to be applied for treatment of chronicassociated immune system to be exposed to external proteins
without becoming sensitized. If animals are fed with proteins autoimmune diseases is not known. Safety concerns regarding

oral preparations of myelin or other CNS antigens are clearlysuch as ovalbumin or MBP and are then immunized, the
immune response against the fed antigen (but not against important but do notper seinvalidate the concept. It should

be noted that oral tolerance may not work for all autoantigens,control antigen) is subsequently reduced. There is evidence
that depending on the amount of antigen fed, orally adminis- as indicated by experiments in a highly artificial model
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system (Blanaset al., 1996). In these experiments, transgenic CD41 MBP-specific T cells through apoptosis. In principle,
protein engineering techniques could be used to ‘tailor-mice expressing ovalbumin under the control of the rat insulin

promoter were lethally irradiated and then reconstituted design’ tolerogenic molecules (Zambidis and Scott, 1996).
For example, i.v. treatment of SJL/J mice with a chimericwith bone marrow from another transgenic mouse line that

contained ovalbumin-specific CD81 T cells. The transgenic fusion protein of MBP and PLP (MP4) prevented EAE
induced either by active immunization or by adoptive transfermice became diabetic after feeding with ovalbumin. The

authors conclude that ‘caution should be applied when of activated T cells (Elliottet al., 1996). Mice treated with
MP4 were resistant to disease when rechallenged with anattempting oral administration of autoantigen to treat human

diseases that may be affected by cytotoxic T cells (Blanas encephalitogenic PLP peptide.
In Lewis rats, EAE could be prevented by injection ofet al., 1996).

spleen cells coupled to myelin antigens (Vandenbarket al.,
1995). It is thought that this treatment induces selective
tolerance in encephalitogenic T cells through a partiallyOther strategies of tolerance induction by
reversible form of anergy.

modification of antigen presentation Soluble complexes of antigenic peptide bound to MHC
class II molecules induced antigen-specific apoptosis of MBP-

Principles. It has long been known that the immune specific, virus-transformed CD41 T cells in vitro (Arimilli
response to a protein antigen depends on the dose, formet al., 1996). Induction of apoptosis by soluble MHC class
and route of administration. For example, antigens injectedII-peptide complexes is considered a possible therapeutic
subcutaneously usually elicit a strong response, while antigensstrategy to delete autoreactive T cellsin vivo.
injected directly into blood tend to induce nonresponsiveness
or tolerance. The exact mechanisms by which the route ofProblems.The strategies based on modified antigen pre-
antigen administration controls the nature and intensity ofsentation can only be applied if the autoantigen is known. In
the immune response are not known, but it can be assumedthe case of soluble MHC–peptide complexes, it is also
that the types of antigen-presenting cells and special charac-necessary to know the immunodominant encephalitogenic
teristics of the local environment play an important role (forepitope (if there is any). As discussed in the immunopatho-
review,seeWraith, 1995). genesis section, these conditions are not presently met in

Stimulation with high doses of antigen may induce pro-multiple sclerosis.
grammed cell death (apoptosis). Furthermore, it has been
shown that antigen recognition, in the absence of the costimul-
atory signals that are normally provided by specializedCopolymer-1
antigen-presenting cells, induces a state of ‘anergy’ in T cells
(T and B cells are said to be anergic when they cannotPrinciples. Copolymer-1 is a synthetic basic random
respond to their specific antigen despite optimal conditionscopolymer of L-alanine, L-glutamic acid,L-lysine, andL-
for stimulation); for review,see Schwartz (1996). These tyrosine in a molar residue ratio of 6.1 : 1.9 : 4.7 : 1.0. It
observations have inspired experimental strategies in whichwas originally studied along with other basic copolymers in
antigens are presented to T cells in ‘unusual ways’, foran attempt to simulate the activity of MBP in inducing EAE,
example in the form of soluble complexes of MHC moleculesbut was then found to suppress EAE in various species
with bound peptide antigen. including guinea pig, rabbit, mouse, rhesus monkey and

baboon. A detailed personal account of the discovery and
development of copolymer-1 may be found in Arnon (1996).Evidence.Tolerance to MBP was induced by intraperitoneal

injection of synthetic peptides of immunodominant deter- Note that different encephalitogenic determinants of MBP
are involved in the different species, suggesting a broadminants of MBP (Gauret al., 1992). If they were administered

before immunization with MBP, EAE was prevented, and effect of copolymer-1 on MBP responses. Furthermore, it
appears that the suppressive effect of copolymer-1 is notif they were administered after immunization, EAE was

ameliorated. Peptide-induced tolerance apparently resulted restricted to MBP, but extends to EAE induced in mice
with encephalitogenic PLP (Teitelbaumet al., 1996) orfrom the induction of anergy in antigen-specific T cells.

Therapy with modified MBP peptide analogues that form MOG (Ben-Nunet al., 1996) peptides. On the other hand,
copolymer-1 had no effect on experimental myasthenia gravislong-lived peptide–MHC complexesin vivo was more effect-

ive than therapy with the unmodified MBP peptide (Samson and experimental thyroiditis, indicating some specificity for
myelin-induced autoimmunity (Arnon, 1996).and Smilek, 1995). Administration of an acetylated synthetic

peptide of MBP (called PAL 68–86) suppressed EAE in It is difficult to envisage a plausible mechanism that could
explain all these observations. It has been proposed thatLewis rats (St Louiset al., 1997).

Therapy with high doses of MBP abrogated EAE in mice copolymer-1 competes with MBP, PLP and MOG for binding
to MHC class II molecules expressed on antigen-presenting(Critchfieldet al., 1994; Rackeet al., 1996). The therapeutic

effect was brought about by deletion of encephalitogenic cells (Arnon, 1996). This would place copolymer-1 into the
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category of MHC inhibitors/competitors. It seems that the lying concept considered organ-specific, autoaggressive
clones of T lymphocytes as the pathogenic agents of auto-binding to MHC class II molecules, which is ‘promiscuous’

(i.e. independent of the MHC II allotype), does not require immune disease, analogous to pathogenic microbial agents.
Cohen suggested that, as in microbiology, autoaggressiveinternalization or processing of copolymer-1 by antigen-

presenting cells. SinceD-copolymer-1, a stereoisomeric form T cells can be attenuated to eliminate their pathogenic
potential, while conserving their capacity to stimulate counter-of copolymer-1, binds as efficiently to MHC class II molecules

as copolymer-1 but does not inhibit EAE, one could speculate regulatory cells. Obviously, this concept rests on two pillars.
First, the healthy immune repertoire must contain potentiallythat MHC binding is a necessary but insufficient step that

must be followed by a more specific step such as induction of self-reactive T-cell clones, and these clones must be normally
suppressed by counter-regulatory mechanisms. Secondly, inregulatory (‘suppressor’) cells or T-cell receptor antagonism

(Arnon, 1996). Still, the alleged selectivity of copolymer-1 autoimmune disease, the equilibrium between autoaggressive
T cells and the suppressive mechanisms is lost, but can befor myelin autoantigens (MBP, PLP, MOG) and concomitant

lack of suppressive activity in reactions against other auto- re-established by appropriate stimulation of the counter-
regulatory mechanisms.antigens presently remains unexplained.

The original concept of T-cell vaccination relies on the
injection of autoantigen-specific T-cell clones, which mustEvidence.Possible therapeutic effects of copolymer-1 were
be isolated from the prospective recipient, cultured andinvestigated in a number of clinical trials in relapsing–
expanded, attenuated or inactivatedin vitro, and then re-remitting (Bornsteinet al., 1987; Johnsonet al., 1995)
injected as a vaccine. More recently, peptides of the antigen-and chronic progressive (Bornsteinet al., 1991) multiple
specific T-cell receptor of the autoreactive T cells rather thansclerosis. A phase III multicentre, double-blind, placebo-
whole T cells have been used for ‘T-cell receptor peptidecontrolled trial in patients with relapsing–remitting multiple
vaccination’ (for review,seeVandenbarket al., 1996b). Thesclerosis showed a 29% reduction in relapse rate (Johnson
rationale for this therapy is the following. Each T-cell receptoret al., 1995), so that copolymer-1 has been suggested as a
contains an immunogobulin constant-like domain, which isreasonable alternative to interferon-β for treatment of early
shared between different T cells, and an Ig variable-likerelapsing–remitting multiple sclerosis (Wolinsky, 1995).
domain, parts of which are either unique to one T-cell cloneFurther studies are planned to obtain more detailed informa-
or shared among only a few T-cell clones (Fig. 2B). As withtion on the effects of copolymer-1 on clinical progression
Igs, the most variable region of the T-cell receptor is theand on MRI activity in different clinical types of multiple
complementarity determining region (CDR)3. Other relativelysclerosis. Whether combination therapy with copolymer-1
variable parts of the T-cell receptor are the CDR2 and CDR1and interferon-β will show additive clinical effects, also
regions. Instead of using whole T cells for vaccination, T-awaits further study.
cell receptor peptide vaccination uses short synthetic peptides
of the T-cell receptor CDR regions of autoaggressive T cells.Problems.As long as the exact mechanisms of action are
It is thought that vaccination with such CDR region T-cellunknown, it is difficult to judge how ‘specific’ copolymer-1
receptor peptides stimulates counter-regulatory T cells, whichtherapy really is. Copolymer-1 was generally well tolerated
recognize the immunizing T-cell receptor peptides with theirin the published trials. The most common adverse experience
T-cell receptors. It is further assumed that the autoreactive Twas an injection-site reaction. A transient systemic reaction
cells express not only intact T-cell receptor on their surfaceoccurred at least once in 15% of patients treated with
but also MHC-bound peptides derived from their own T-cellcopolymer-1 (Johnsonet al., 1995). This sporadic and unpre-
receptor during normal protein turnover. (In principle, thesedictable reaction occurred within minutes after injection,
endogenous T-cell receptor peptides could be associated withand was characterized by flushing or chest tightness with
either MHC class I or MHC class II molecules). Thus, itpalpitations, anxiety, or dyspnoea and usually lasted between
would be expected that regulatory CD41 or CD81 T cells30 s and 30 min.
stimulated with the immunizing T-cell receptor peptidesCopolymer-1-reactive antibodies were found in the serum
cross-react with the endogenous T-cell receptor peptidesof treated patients, with maximum levels attained after a few
expressed on the autoaggressive T cells, allowing for selectivemonths of treatment. The antibodies, which do not cross-
inhibition or killing of the autoaggressive T cells.react with MBP, apparently do not affect the biological

activity of copolymer-1.
Evidence. Successful T-cell vaccination against auto-
immune disease was achieved in several variations. Origin-
ally, an encephalitogenic T-cell line was shown to lose

Vaccination with T cells or T-cell receptor its pathogenic potential after irradiation. Transfer of these
peptides attenuated T cells rendered the recipients resistant to sub-

sequent active autosensitization with MBP (Ben-Nun and
Cohen, 1981; Ben-Nunet al., 1981). Other procedures forPrinciples. The term T-cell vaccination was coined by

I. R. Cohen in 1981 (Ben-Nunet al., 1981). The under- attenuation include exposure to hyperbaric pressure and
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fixation by cross-linking agents such as glutaraldehyde. More latory anti-Vβ8.2-specific T cells that inhibit (but do not
delete) the encephalitogenic target T cells. Inhibition seemsrecent vaccination protocols relied on the transfer of sublethal

doses of untreated or attenuated activated T-line cells. Such to be mediated, at least partially, by soluble factors, raising
the possibility that the presence of regulatory T-cell receptor-transfers lead to the expansion of recipient T cells specifically

reacting against the originally transferred T line. Most, but specific T cells in the CNS might inhibit not only the
stimulating Vβ8.21 T cells but also ‘bystander T cells’not all, of the induced T cells express the CD8 membrane

phenotype and recognize their target epitope in the context expressing different V genes (Vandenbarket al., 1996b).
In a human pilot trial of T-cell receptor peptide vaccination,of MHC class I products (Sunet al., 1988a, b). These CD81

regulatory T cells are specifically cytotoxic against the multiple sclerosis patients were immunized with synthetic
peptides encompassing the CDR2 regions of Vβ5.2 andrelevant autoaggressive CD41 T-cell line, but fail to respond

to other syngeneic T lines with different or even similar Vβ6.1 (Bourdetteet al., 1994; Chouet al., 1994). The
rationale for choosing these particular V elements was basedspecificities.

In human pilot trials of T-cell vaccination, multiple sclerosis on previous results from the same group of investigators
indicating that Vβ5.2 and to a lesser extent Vβ6.1 arepatients were vaccinated with MBP-reactive T cells cloned

from their blood (Medaeret al., 1995; Zhanget al., 1995). preferentially expressed by MBP-specific T cells from
multiple sclerosis patients as compared with normal controlsSelected MBP-reactive T-cell clones were activatedin vitro

and irradiated to render them incapable of proliferation. (Kotzinet al., 1991). After immunization with T-cell receptor
peptides, delayed type hypersensitivity skin reactions andPatients received three subcutaneous injections of two to four

vaccine clones (153106 cells for each clone). The treatment antibody responses to the immunizing peptides were
observed in some patients. T-cell receptor peptide-specific Twas well tolerated, but the number of patients was too small

to allow conclusions about clinical efficacy (Medaeret al., cells isolated from the blood of immunized patients were
predominantly CD41 and expressed mRNA for interferon-1995). Frequency estimations of MBP-specific T cells indi-

cated that in the majority of recipients, MBP-reactive T cellsγ, GM-CSF, IL-4, IL-5, and to a lesser extent, IL-2 (Chou
et al., 1994). The number of patients enrolled in this pilotremained undetectable in blood over a period of 1–3 years,

but reappeared in some patients during clinical exacerbations trial was too small to allow conclusions about the clinical
efficacy of T-cell receptor peptide vaccination. In a double-(Zhanget al., 1995). The reappearing MBP-reactive T cells

were different from the MBP-specific T cells present before blind placebo-controlled pilot trial conducted by the same
group of investigators, 23 HLA-DR2 positive patients withvaccination, suggesting a shift of the T-cell repertoire to

other determinants of MBP. The immunization induced pre- primary or secondary chronic progressive multiple sclerosis
were vaccinated with one of two T-cell receptor Vβ5.2 CDRdominantly CD81 regulatory T cells capable of lysing the

immunizing clones in a clonotype-specific manner. The T- region synthetic peptides or placebo (Vandenbarket al.,
1996a; accompanying editorial by Antelet al., 1996). Peptidescell responses induced by immunization were restricted to

the immunizing clones and did not affect the MBP-reactive were injected weekly for the first 4 weeks, and then monthly
for a total of 1 year. The trial design did not allow forclones not used for immunization (Zhanget al., 1995).

In several rodent models of autoimmunity, the pathogenic, demonstration of statistically significant differences in clinical
outcome of peptide-vaccinated patients as compared withautoantigen-specific T lymphocytes use a strikingly limited

number of available variable-region elements for their antigen placebo-treated patients (Vandenbarket al., 1996a). The
immunological data obtained in this trial indicate that vaccina-receptor. Classic examples are the PL/J mouse (Acha-Orbea

et al., 1988; Urbanet al., 1988) and the Lewis rat (Burns tion with T-cell receptor peptide increases the frequency of
circulating T-cell receptor-peptide-specific (regulatory?) Tet al., 1989; Chlubaet al., 1989). In these animal strains,

essentially all encephalitogenic T-cell clones use the T-cell cells. T-cell receptor-peptide-specific T cells isolated from
vaccinated patients inhibited the proliferation of autologousreceptor Vβ8.2 element. These observations led to two partly

interdependent therapeutic strategies. First, it was shown MBP-specific T cellsin vitro. This inhibition was apparently
not dependent on direct recognition of endogenously pro-that monoclonal antibodies against T-cell receptor V-region

determinants can profoundly interfere with inducibility and cessed T-cell receptor on the MBP-specific T cells, and was
mediated by secretion of soluble factors such as IL-10 byeven progress of organ-specific autoimmune disease (Zamvil

et al., 1988). This strategy is not entirely specific, as it the T-cell receptor peptide-specific T cells. The authors
speculate that,in vivo, T-cell receptor peptide-specific regu-presumably affects any T-cell response using the V element

recognized by the monoclonal antibody. Secondly, immuniza- latory cells might suppress all TH1 cells in their immediate
vicinity, including cells bearing Vβ elements other thantion of rats against synthetic peptides representing either

the CDR3 region (Howellet al., 1989) or CDR2 region Vβ5.2 (‘bystander suppression’).
Vaccination with whole T cells or T-cell receptor peptides(Vandenbarket al., 1989) of the T-cell receptor of auto-

aggressive MBP-specific T cells was reported to prevent is likely to be improved by novel DNA-based vaccination
techniques, which introduce the immunizing antigen in theactively induced EAE, and to shorten ongoing disease (for

review, see Vandenbark et al., 1996b). It appears that form of DNA. The DNA encoding the relevant antigen is
incorporated into appropriate vectors or applied as ‘nakedimmunization with T-cell receptor peptides stimulates regu-
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DNA vaccine’ (Pardoll and Beckerleg, 1995). For example, transfer, but it is likely that human T-cell clones also differ
in their pathogenic potential. If it was possible to assessimmunization of mice with recombinant vaccinia virus

expressing a Vβ8.2 gene significantly reduced the induction the pathogenic potential of human T cells, T-cell-directed
immunotherapy would become more realistic.of EAE and the proliferative response of MBP-reactive T

cells (Chunduruet al., 1996). Suppressive vaccination also Interestingly, there is a minority of multiple sclerosis
patients who exhibit a strikingly restricted T-cell response toseems to work with naked DNA encoding Vβ8.2 (Waisman

et al., 1996). In the vaccinated mice, there was an elevation MBP. In one-third of the multiple sclerosis patients in our
own study, ~80% of the T-cell lines established by stimulationin the production of the TH2 cytokine IL-4, and a reduction

in the TH1 cytokines IL-2 and interferon-γ. with whole MBP responded to a single, patient-specific
cluster of immunodominant epitopes noted in MBP regions
80–105, 108–131 and 131–153 (Meinlet al., 1993). In oneProblems.Although it could be (and indeed is) argued that

T cell or T-cell receptor vaccination might affect not only of these patients, we have compelling evidence that some
MBP-specific T-cell clones persist for many years in thethe T cells or T-cell receptor used for immunization but also

‘bystander’ T cells, it is clear that the chances of success peripheral blood (Meinlet al., 1993; Hohlfeldet al., 1995).
Patients with this kind of restricted, persistent autoimmunedepend critically on the extent of diversity of the human T-

cell response to MBP and other encephalitogens. There is response would seem the most logical and obvious candidates
for T-cell or T-cell receptor vaccination therapy, although itnow growing consensus that the human T-cell response

against the most widely studied potential encephalitogen, must be emphasized again that even in these patients,
multiple T-cell receptors are used for recognition of theMBP, is extremely complex (for reviews,seeMartin et al.,

1992; Hohlfeld et al., 1995; Hafleret al., 1996). Many immunodominant epitope cluster (Meinlet al., 1993; Hohlfeld
et al., 1995), and that the encephalitogenic potential of thesedifferent antigenic determinants are recognized by T-cell

lines selected for reactivity against whole MBP, although T-cell clones may vary (Meinlet al., 1997).
In conclusion, T-cell and T-cell receptor vaccination incertain MBP sequences, e.g. 80–105, are recognized more

frequently than others. Furthermore, the T-cell receptor used human multiple sclerosis is complicated by the remarkable
complexity and diversity of the human autoimmune T-cellby MBP-specific T cells, even of T cells specific for MBP80–

105, are also remarkably heterogenous, both intra- and interin- response. A further problem is that the role of MBP and
other potential autoantigens is still unknown in multipledividually (Hafler et al., 1996). In a large collection of T-

cell receptor sequences derived from MBP-specific human sclerosis. Therefore, it should be anticipated that further
progress in this area of selective immunotherapy dependsT-cell clones, there was no evidence for preferential usage

of certain T-cell receptor Vβ elements (Hafleret al., 1996). much more on the identification of the pathogenic auto-
antigen(s) and T-cell receptors than on an increase in theIn our own studies, only one of 215 long-term T-cell clones

expressed Vβ5.2 (Meinlet al., 1993), peptides of which have number of patients treated according to existing protocols.
been used for T-cell receptor peptide vaccination trials
(Vandenbarket al., 1996a). Differences in T-cell receptor
expression could relate to differences in patient character-Conclusions and outlook

It should have become clear from the discussion of theistics. Therefore, it is important that patients are characterized
in detail for T-cell receptor expression characteristics before individual treatments that some of these proposals have a

realistic chance for clinical application, whereas others haveT-cell receptor vaccination can be expected to produce a
meaningful result. It must be anticipated that T-cell receptor not. It is difficult to make a firm prediction, but ‘semiselective’

therapies based on cytokines or anticytokines are promisingvaccination works only if patients are treated with individual-
ized vaccines that are tailor-designed according to the results candidates. The popular concept of ‘immune deviation’ away

from TH1 cells forms the basis for several other interestingof pre-treatment immunological characterization. Obviously,
this requirement will substantially influence the cost and strategies (Table 2). However, it will be important that

our understanding of the pathogenesis of multiple sclerosisfeasibility of T-cell receptor vaccination therapy.
A further level of complexity is introduced by the possi- develops along with our treatment strategies. Note for

example, that there is growing evidence for a remarkablebility that the human T-cell clones characterizedin vitro
differ in their functional in vivo properties. Experimental heterogeneity of pathogenetic mechanisms which involve

different types of T cells and macrophages, as well as Bevidence directly supporting this possibility comes from
experiments with MBP-specific T-cell clones isolated from cells and antibodies. Thus, it would be too simplistic to

consider multiple sclerosis a disease exclusively mediated bythe blood of normal rhesus monkeys, using exactly the same
‘split well’ cloning technique that is used for the generation TH1 cells.

Among the many problems to be tackled in the future, theof human antigen-specific T-cell clones. After re-injection
into the autologous monkey, only one of three MBP-specific pathogenesis and treatment of (primary) progressive multiple

sclerosis requires special attention (Thompsonet al., 1997).T-cell clones was encephalitogenicin vivo (Meinl et al.,
1997). Obviously, the encephalitogenic potential of human Ideally, it would be possible to identify subtypes of multiple

sclerosis and thus be able to tailor treatment according toMBP-specific T-cell clones cannot be tested by autologous
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