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Summary

Based on exciting results in animal models, a number of  relying on modern biotechnology. For each approach, the
novel immunotherapies employing biotechnological productsynderlying immunological principles, experimental and
rather than conventional immunosuppressants, are being clinical evidence, and foreseeable problems are separately
developed for the treatment of multiple sclerosis. The firsaddressed. Thus, it is hoped that this article serves a dual

part of this article is a review of some fundamental concepts purpose, namely to provide an update on recent advances in
of immunology and offers a hypothetical scenario for theimmunology, and to serve as a useful source of reference to
immunopathogenesis of multiple sclerosis. The second part  immunotherapies holding promise for future treatment of
provides a critical overview of various immunotherapies multiple sclerosis.
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Abbreviations: APL = altered peptide ligand; CB= cluster of differentiation; cDNA= complementary DNA; CDR=
complementarity determining region; EAE experimental autoimmune encephalomyelitis; Ec constant portion of
immunoglobulin molecules; GM-CSFE granulocyte-macrophage colony-stimulating factor; HIZA human leucocyte
antigen; ICAM = intercellular adhesion molecule; hsp heat-shock proteins; Ig= immunoglobulin; IL = interleukin;
IL-1ra = interleukin-1 receptor antagonist; IP-16 interferony-inducible protein-10; LFA = leucocyte function-
associated antigen; MBR myelin basic protein; MCR= monocyte chemoattractant protein; MHCmajor histocompatibility
complex; MIP = macrophage inflammatory protein; MMP matrix metalloproteinase; MOG= myelin-oligodendrocyte
glycoprotein; PCR= polymerase chain reaction; PLP proteolipid protein; sFv= single chain variable portion of Ig
molecules; TGF= transforming growth factor; TH= T helper (cell); TIMP= tissue inhibitor of MMP; TMC= trimolecular
complex; TNF= tumour necrosis factor; TNF-R TNF receptor; VCAM= vascular cell adhesion molecule; VLA very
late antigen
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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. Compleites. However, under special circumstances, the cells of the
mentary to these achievements, modern biotechnology is noisnmune 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 durinfymphocytes, which mediate antigen-specific immune
the past 15 years from systematic research into the immunaesponses, and the monocytes and polymorphonuclear
pathogenesis of experimental autoimmune encephalomyelitisucocytes, which eliminate pathogens via antigen-independ-
(EAE) and multiple sclerosis. Some of the novel conceptent mechanisms. B and T cells carry antigen-specific surface
are very promising, whilst others do not seem suitable folreceptors, 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 multipleyroups 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 9101 different specificities (i.e.
different antigen-specific receptors). The different receptors
are ‘clonally distributed’. This means that with few
Part 1: immunological principles exceptions, each B and T cell and its progeny (called a clone)
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 Traversnimunobiology: The Immune System of somatic gene rearrangement, which is probably unique to
in Health and DiseaseOxford: Blackwell, 1996) and Paul the immune system. The genes for Igs and T-cell receptors
(Fundamental ImmunologyNew 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 serieg\nnual  multiple segments. As B cells differentiate in the bone
Reviews of Immunologgnd 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).
Cells and molecules of the immune system Because different gene segments are joined in different cells,
The cells of the immune system reside in the central (primarypach cell forms a unique gene that codes for a unique
immune organs (bone marrow and thymus) or peripherateceptor. This mechanism explains why a limited number of
(secondary) lymphoid tissues (e.g. lymph nodes, spleen andherited genes can code for an almost unlimited number
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 diffeT-cell receptor ¢3+ T cells) constitute>95% of the T cells
in blood. The rare+T cells are slightly enriched in certain multiple sclerosis lesions (e.g. Sedtedj, 1991). Theap+ T cells can
be subdivided into CD4 and CD8t+ cells, and the CD4 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
pathogen, the clones of B cells and T cells that happen tseveral distinct isotypes or classes (IgM, IgG, IgD, IgA and
carry receptors specifically recognizing that pathogen are IgE), each of which has a distinct heavy-chain constant
stimulated and then proliferate. The clones that carry the bestegion encoded by a distinct constant-region gene (Fig. 2A).
fitting receptors are stimulated most strongly. This process of Isotype switching occurs by recombination events in the
‘clonal selection’ from a large pool of pre-existing immune DNA of B cells. It does not significantly affect the specificity
cells explains the great adaptive potential of the system. Even of antibodies, but significantly alters their functional
the most exotic pathogen will, by pure chance, stimulate groperties, including serum half-life, complement activation
few clones of B and T cells when it first invades an and binding affinity for the different types of Fc (constant
immunologically ‘naive’ organism. Tha priori chances that portion of Ig molecule) receptor.
the infection can be eventually controlled are good. Should Somatic hypermutation occurs in the rapidly dividing B
a second encounter with the pathogen occur, long-livedells in the germinal centres of peripheral lymphoid organs.
‘memory’ B and T cells will eliminate the pathogen more It helps to increase the affinity of antibodies (‘affinity
rapidly and efficiently, usually before it can cause symptomsmaturation’). Like the somatic rearrangement of Ig genes
This is the basis of long-term immunity following infection (which occurs earlier in B-cell development), somatic
or successful vaccination. hypermutation is a random process that allows a kind of

In mostimmune reactions, B and T cells closely cooperate. ‘Darwinian’ selection of the best-fitting antibodies. In the
B cells can take up antigen via their specific Ig receptorsyariable-region genes of the dividing germinal centre B cells,
process it and re-express it on their surface in a form somatic point mutations occur at an exceptionally high rate.
that can be recognized by the antigen-specific receptors @nly B cells expressing receptors that can bind antigen
corresponding ‘helper’ T cells. Recognizing the antigen on tightly will survive and eventually leave the germinal centre
the B cell, the helper T cell induces the B cells to growto become antibody-secreting plasma cells or memory B
and undergo further genetic modifications called ‘isotype  cells. Itis important to note that with few possible exceptions,
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Fig. 2 Genetic organization and expression of Ig and T-cell receptor géAgIhe germ line DNA

encoding the variable region of the Ig heavy chain contains 51 varial|g @7 diversity (0Qy) and six

joining (Jy) functional gene segments. The constant region genes code for the different Ig isotypes (e.g.
C, for IgM, C; 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 € andA) is constructed by similar mechanisms (not showB). The germ line

DNA encoding the T-cell receptdd chain genes contains 65 (46 functional,\I3 J (not all are

shown), two I, and two G segments (Rowesat al,, 1996). Like the Ig heavy chain, the variable

domain of the T-cell receptds-chain is encoded by three gene segmenis,Dg, and ¢

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 receptonain protein. The mRNA

coding for the T-cell receptan-chain is constructed by similar mechanisms (not shown).

somatic hypermutation and affinity maturation are apparently ~ and activate the complement cascade. In contrast, T cells d¢
restricted to B cells and do not occur in T cells. not recognize soluble antigens, but only ‘processed’ antigens
The receptors of B and T cells recognize antigens in a  displayed on cells. More precisely, the T-cell system is
fundamentally different way. B cells (and antibodies, thespecialized to recognize antigens as short peptides bound to
secreted form of the B-cell receptor) bind pathogens and proteins of the major histocompatibility complex (MHC)

their components in extracellular spaces. The antibodie§ig. 3).
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 CD4 T cells (top) and CD& T cells (bottom). The T-cell receptor of
CD4+ T cells recognizes an antigen peptide (indicated by black dot) bound to an MHC class Il
molecule (e.g. HLA-DR, -DP or -DQ) on the surface of an antigen-presenting cell. The T-cell receptor
of CD8+ T cells recognizes an antigen peptide bound to an MHC class | 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
The fundamental importance of the molecules encoded bielps to explain how T cells, each with ~10 000 antigen-
the MHC only emerged much later (Zinkernagel and  specific TCRs on their surface, can recognize the correspond-
Doherty, 1997). In principle, there are two types of MHC ing peptide antigen, which is typically associated with as
molecules: class I, which includes human leucocyte antigens  few as ~100 of the ~100 000 MHC molecules on a typical
(HLA)-A, -B and -C, and class I, which includes HLA- ‘antigen-presenting cell’seebelow). The ‘counting’ process
DR, -DP and -DQ. The two classes of MHC molecule, which seems to depend on a dose-related down-regulation of TCRs
differ somewhat in structure and function, bind peptideafter antigen binding.
antigens and present them to different types of T cells. The The peptides displayed by the class | and class || MHC
cluster of differentiation (CD)8 cytotoxic T cells recognize molecules derive from different sources; MHC class | mole-
peptides bound to MHC class | molecules, whereas €D4 cules bind peptides from pathogens that replicate in the
T cells recognize peptides bound to MHC class Il moleculescytosol of infected cells, typically viruses and some bacteria.
The CD4 and CD8 molecules act as co-receptors. When the ~ These pathogens can only be destroyed by killing the cel
TCR recognizes a peptide—-MHC complex on another cell, @ontaining them. Because MHC class | molecules are
co-receptor molecule also binds to the MHC portion of the  expressed on virtually all body cells, any cell that is infected
complex, thus forming part of the recognition complex andcan be destroyed in this way. Those MHC class | molecules
helping to activate the T cell. CD4, which is found on helper  that are expressed on noninfected cells (the vast majority
and inflammatory T cells, binds only to MHC class Il under normal conditions) are associated with a ‘self’ peptide
molecules; CD8, which is found on cytotoxic T cells, binds  derived from some endogenous protein synthesized in the
only to MHC class | molecules (Fig. 3). cell. These physiologically expressed ‘self’ peptides are

The three-dimensional structure of the ternary complex  normally ignored by the immune system for reasons
between the TCR, the antigenic peptide and the MHC (clasexplained below.
I) molecule has been solved by X-ray analysis of protein In contrast to MHC class | molecules, MHC class Il
crystals (Garboczet al, 1996; Garcieet al., 1996). When molecules are expressed primarily on cells of the immune
viewing such a static picture of a TCR ‘caught’ in the process  system (e.g. macrophages, B cells, and activated T cells in
of antigen recognition, one should consider that, in realityhumans). The class Il molecules bind peptides derived from
antigen recognition is a highly dynamic process. It is thought  proteins degraded in intracellular vesicles. Such peptides may
that T cells ‘count’ the number of TCRs engaged by peptide-eome from an exogenous source or from intracellular bacteria
MHC complexes. The T cell becomes activated when that  and parasites. Exogenous antigens may enter the cell by
number reaches a certain threshold, i.e. several thousamthagocytosis/pinocytosis, or by receptor-mediated endo-
TCR molecules (Viola and Lanzavecchia, 199%9ereview  cytosis. For example, external antigens bound by B-cell
by Rothenberg (1996). Each TCR can engage multiplesurface Ig are internalized and degraded in intracellular
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 €DH 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 Il 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 Il molecules where they trigger  concentrations within the cell are common features of the
CD4+ helper T cells. stimulation of cell proliferation in a number of cell types.
Apart from the recognition of a foreign peptide bound to ~ The combination of these signals activates intracellular DNA-
a self MHC molecule, the activation of T cells usually binding proteins and transcription factors that initiate a cascade
requires the simultaneous delivery of costimulatory signals  of events resulting in the proliferation and activation of the T
by specialized antigen-presenting cells. Cells that act asell. Early events in CD28-mediated signal transduction may
specialized antigen-presenting cells include the dendritic include binding and activation of phosphoinositide 3-kinase,
cells, macrophages and B cells. Costimulatory signals arand perhaps a protein tyrosine kinase. TCR and CD28 signals
often mediated by the interaction of membrane-bound appear to be integrated at the level of the mitogen-activated
costimulatory molecules expressed on the T-cell surface (e.grotein kinase JNK. The JNK protein kinase phosphorylates
a molecule called CD28) with their ligands on the surface  the transcription factor c-Jun and thereby activates the AP-1
of the antigen-presenting cell (e.g. B7) (Fig. 4). T cellstranscription factor, which is crucial for activation of the gene
whose antigen-receptors are ligated in the absence of such encoding interleukin-2 (IL-2).
costimulatory signals become inactivated (‘anergic’) rather These intracellular pathways of signal transduction,
than stimulated (Schwartz, 1996). The dual requirement for initiated by the binding of extracellular ligands to their
both receptor ligation and costimulation helps to prevenspecific receptors, represent an obvious target for
naive T cells from responding to antigens on self tissue cells, pharmacological intervention. In many instances at least
which lack costimulatory activity. some of the intracellular signalling proteins are specifically
The intracellular signalling pathways (not shown in Fig. 4) linked to the ligand—-receptor system so that relatively
are mediated by the TCR—CD3 complex or CD28 and CTLA-selective inhibition should be possible not only at the level
4 after binding of their respective ligands. TCR ligation is  of the receptor-ligand interaction but also at the level of
followed by phoshorylation of the CD3-chain. CD3¢ then intracellular signalling.
binds and activates a cytosolic tyrosine kinase called ZAP-70
(zeta-associated protein-70). Subsequently, phospholipase C-
yis phosphorylated and activated, leading to the generation déelf tolerance and autoimmunity
second messengers that elevate intracellul&™ Gmositol  This leads to the question of how the immune system
trisphosphate) and protein kinase C (diacylglycerol), leading normally avoids reacting against self antigens, i.e. how it
to a complex cascade of downstream events. The activatioremains ‘tolerant’ to self antigens, one of the fundamental
of protein kinase C and the elevation of calcium-ion problems of immunology. It is becoming increasingly clear



Immunotherapy of multiple sclerosis 871

that self-tolerance is a state that needs to be actively the mechanisms that prevent the numerous, potentially
maintained by various mechanisms. It is also clear that aautoaggressive, T-cell clones from attacking the body’s own
understanding of these mechanisms is essential fdissues inthe healthy organism. At present, these mechanisms
understanding the pathogenesis of autoimmune disorders, aade poorly understood. Autoreactive T cells that have not
for developing immunotherapies. Unfortunately, the presenbeen deleted in the thymus are controlled by peripheral
knowledge in this area is still far from complete. Some ofmechanisms of tolerance. As mentioned before, one such
the emerging concepts of tolerance and autoimmunity ar&echanism is ‘clonal inactivation’ that occurs when an
briefly reviewed below. autoreactive T cell happens to encounter ‘its’ autoantigen on
Not surprisingly, the random processes that create the self-MHC molecule on a peripheral tissue, but fails to
enormous diversity of TCRs by somatic gene rearrangementéceive costimulatory signal(s) (Schwartz, 1996). For
generate large numbers of cells that are either useless (beca@@mple, most tissue cells do not express B7, an important
they do not recognize self MHC molecules), or dangerougostimulatory molecule. Thus, itis possible that the peripheral
(because they recognize self antigens on self MHC). Théissues help to preserve tolerance by constantly inactivating
former cells are thought to be eliminated (‘deleted’) bythose autoreactive T cells that passed the thymic control
positive selection, and the latter by negative selection. Bottinechanisms. However, if an antigen-presenting cell that has
these processes occur in the thymus, an immune organ whi@@stimulatory activity picks up a tissue-specific self-antigen
can be considered as a kind of school in which T cells arénd presents it to an autoreactive T cell, an autoimmune
educated. The T-cell precursors that enter the thymus muggaction can be induced. Clonal inactivation is not the only
first learn to recognize self MHC molecules as the antigen-Peripheral tolerance’ mechanism. A different, relatively ill-
presenting facility. This is achieved by a selective proces$inderstood and probably very complex mechanism is the
called ‘positive selection’. Next, they must learn to tolerate@Ctive suppression of autoreactive T cells by ‘suppressor T
the self antigens present on MHC molecules. This seems t¢llS’- B-cell tolerance is achieved by similarly complex

be achieved, at least in part, by eliminating some of the 7mechanisms, including clonal deletion and anergy (Hod_gkin
cells that recognize self peptides bound to thymic MHcand Basten, 1995). Furthermore, some of the autoreactive B

molecules (negative selection). or T cells may not need to be strictly controlled, because

It seems that in maturating thymocytes, the TCR sengdheir autoantigen is either inaccessible or expressed only in
graded signals, depending on the nature and affinity of th¥ey low amounts (in which case self-tolerance is said to be
ligand it encounters. Weak signals are sufficient to select fof@intained by ‘clonal ignorance’).

survival, but inadequate to eliminate the developing (or to If the mechanisms of immunological tolerance fail, auto-

activate it once it matures). Such weak signals seem to lealffmune diseases arise. For most autoimmune diseases, the
recise triggering process(es) are not known. It is thought,

to positive selection, while stronger ones cause deletion: i ) .
owever, that autoimmune diseases can be triggered by

Thymic selection is an extremely dynamic process, illustrate o i ) . AR
by the fact that ~98% of the thymocytes generated each da rtain infections in genetically susceptible individuals. One
ossible mechanism for this loss of self-tolerance by infection

die in the thymus by programmed cell death (apoptosis); that the infect ts ind h : tigenicit
Only those few T cells that survive this extensive screenin s that the infectious agents induce a change in antigenicity
f the infected tissues. For example, genes that are not

will eventually leave the thymus as mature T cells. In this . .
y y normally transcribed might be ‘turned on’, or normal gene

way, a useful and non-damaging repertoire of TCRs is ) e
ger?erate d ging rep products might be altered at the post-transcriptional level

Thymic deletion of potentially autoreactive T cells has so that they become autoantigenic. Furthermore, infectious

. 4 . - agents might induce costimulatory activity on tissue cells,
long been considered as the major mechanism for preventing® . :
hich express low levels of autoantigen but do not normally

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

that the normal immune system contains many T cells capabl% oo . . ;
- . : antibodies or T cells generated in the response to an infectious
of recognizing autoantigens expressed in the thymus (for

. . , agent cross-react with self-antigens (molecular mimicry).
review, seeWekerleet QI'.’ 1996‘5)' Many proteins Prewously Until now, attempts to identify a particular infectious agent
considered to be specific for ‘peripheral tissues’ and organ

i fact din the th Int tinalv. th Rave failed for most autoimmune diseases. One of the reasons
are In fact expressed n the thymus. Interesingly, eSfs ynat most autoimmune diseases develop gradually, making

thymically expressed proteins include some encephahtogemﬁ, difficult to determine the exact timepoint of disease onset.

antigens of the nervoss ;systeTn, such as mﬁelin basig PrOteﬁ‘ is likely that the continued presence of the triggering
(MBP) and S10P (Wekerleet al, 1996). T cells recognizing infectious agent is not required for disease progression and

these antigens exist in the normal immune system. Therefor, .. 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

considering the possibility that thymic autoantigens positivelyT he immunopathogenesis of multiple sclerosis:

‘shape’ the immune repertoire rather than simply delete th@ hypothetical scenario

autoreactive T cells (Cohen, 1992; Wekeeleal., 1996). Before discussing various immunotherapies, let us consider
It is obviously very important to understand more aboutthe current concepts of the immunopathogenesis of multiple
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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 demyelinatioikeetext 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
observations in human multiple sclerosis, the followingT cells occurs via ‘molecular mimicry’ during bacterial or
scenario has emerged (Fig. 5). viral infection. Many bacterial and viral proteins share short

It is now accepted that potentially autoaggressive Tsequence homologies with autoantigens. It is important to
lymphocytes specific for MBP or other autoantigens of the note that contiguous identity is not required; even seemingly
central nervous system pre-exist in the normal immuneainrelated amino acid sequences may, together with the
system of rodents (Schluesener and Wekerle, 1985) and ‘presenting’ MHC molecule, assume a structure that allows
primates (Burnset al., 1983; Genairet al., 1994). These them to cross-stimulate autoantigen-specific T cells. MBP
autoreactive T cells must have escaped from the thymic  serves as a good example to illustrate this important point.
control mechanism of clonal deletion. It is not known how One of the sequences preferentially recognized by human
these potentially autoaggressive T cells are controlled in MBP-specific T cells is regiogsM&Pthe MBP molecule
normal individuals. Possible mechanisms include peripheraWucherpfenniget al., 1991; Martinet al., 1992; Hafler and
clonal inactivation (‘anergy’) and suppressigeéprevious  Weiner, 1995; Hohlfeldt al., 1995; Steinmaret al., 1995;
section). Hafler et al., 1996). Using previously established structural

One of the first hypothetical events in multiple sclerosis  criteria for T-cell-stimulating epitopes, an extensive database
pathogenesis is the activation of anergic, suppressed aearch identified 129 viral and bacterial candidate peptides
ignorant T cells in the ‘periphery’ outside the CNS. How  that matched dtnactural features (not necessarily the
this initial activation occurs in multiple sclerosis patients is sequenceof the predicted molecular mimicry motif of this
not known. Experimental models show that there are several MBP region (Wucherpfennig and Strominger, 1995). Of
possibilities that are not mutually exclusive and could bethese candidate peptides, seven viral and one bacterial
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
was quite different from MBR_g9 (Wucherpfennig and barrier. Experimental support has been provided for most of
Strominger, 1995). These results exemplify that a single TCR ~ these mechanisms, and it is likely that different human
can recognize distinct, but structurally related, peptides fromautoimmune diseases are triggered by different mechanisms.
multiple pathogens, allowing for extensive cross-reactivity In addition, different mechanisms may operate at different
with seemingly unrelated antigens. stages of the same disease.

A different form of cross-reactivity that could also lead to Whatever the exact mechanism of the initial activation of
autoimmunity might occur at the level of the TCR. For aautoreactive T cells and their subsequent reactivation during
long time it was accepted dogma that each T cell (or T-cell  relapses, itis likely that this activation occurs outside the CNS.
clone) can express only one type of TCR, i.e. only one ofAs discussed in detail below, the CNS microenvironment has
the two alleles of the TCR & and \p chain is rearranged a strong tendency to reduce and limit local immune reactions,
and functionally expressed (this phenomenon, which is alsand therefore is not a likely site for autosensitization. This
observed with Ig genes in B cells, is referred to as ‘allelic notion, derived mainly from animal experiments, is indirectly
exclusion’). There are, however, interesting exceptionssupported by MRI findings in multiple sclerosis demonstrating
Allelic exclusion is not absolute for either theaVor VB  that brain and spinal cord lesions often occur concurrently
chain genes, and human T cells expressing two differenfThorpeet al., 1996), strongly implicating a systemic trigger
TCR Va (Padovanet al, 1993) or \3 chains (Davodeau  for disease activity.
et al, 1995; Padovart al, 1995) have been described. In  Once the autoantigen-specific, pathogenic T cells have
such T cells, one @ (or one W) chain would be expressed been activated, they must find their way into the CNS (Fig. 5).
along with two W (or two V) chains so that two types of Although it is firmly established that the blood—brain barrier
af3 TCR could form and appear on the cell surface. If one is impermeable for circulating large molecules and for most
the two receptors was specific for say, a bacterial antigecells, there is compelling evidence that activated T cells can
and the other for an autoantigen, and the T cell became  enter the CNS irrespective of their antigen specificity
activated during a bacterial infection, then the activated anti{Wekerle et al., 1986). Viewed teleologically, the selective
bacterial T cells would represent activated autoantigen- properties of the barrier make sense. Consider the case of
specific T cells that could trigger an autoimmune attacksystemic infection with a potentially neurotrophic virus, e.g.
against the antigen recognized by their second (autoreactive) herpes simplex virus. T cells specific for viral determinants
ap TCR. will be stimulated and activated in the periphery. This endows

Furthermore, potentially autoaggressive T cells could be them with the capacity to traverse the blood—brain barrier so
activated in the periphery by stimulation with a viral or that they can scan the CNS for the presence of the virus.
bacterial ‘superantigen’. Superantigens stimulate T cells by  Thus, the CNS is by no means a ‘blind spot’ of the immune
cross-linking their TCRB-chain with an HLA class Il system but an area constantly surveilled by T cells engaged
molecule expressed on another cell (Marrack and Kappler, in an ongoing infection. If the T cells encounter ‘their’
1990; Kotzinet al, 1993; Schereet al, 1993; Fleischer, foreign antigen in the CNS, they will eliminate it. Problems
1994). Because the superantigen-binding site of the TCR could arise only if the activated T cells (cross-)react against
B-chain is shared between many different T-cell clonesan autoantigen expressed in the CNS. In this case, the local
superantigens can activate large numbers of T-cell clones recognition of autoantigen by T cells may initiate a vicious
specific for many different antigens, including autoantigenscircle of immunopathological reactionsgebelow).

Thus, superantigens could initially activate (or later re- Upon activation, T cells increase their expression of
activate) autoimmune T cells expressing a particulfy V ‘adhesion molecules’, and this allows them to attach to
chain. This concept may be relevant to multiple sclerosis and endothelial cells expressing the appropriate counter-receptor
has been indirectly supported by animal experiments in whictiButcher and Picker, 1996). Endothelial cells can express
relapses and exacerbations of EAE could be induced with  tissue-specific ligands, thereby guiding T cells to specific
staphylococcal superantigens (for reviesgeBrockeet al.,  sites, depending on the particular combination of adhesion
1994). It should be noted, however, that injection of the same receptors expressed on the T cells and endothelial cells
superantigens into naive (nonprimed) mice did not induceespectively (Butcher and Picker, 1996). The extravasation

any signs of EAE (Brockeet al, 1993). This would not  of leucocytes is thought to occur in four steps. The first of
support arole of superantigens asithigal trigger of multiple  these is mediated by selectins, which recognize carbohydrate
sclerosis, but would be consistent with their participation in epitopes of glycoproteins. Selectin-mediated adhesion is
later stages. weak, and allows leucocytes to roll along the vascular

Apart from activation by molecular mimicry, dual TCR  endothelial surface. The second step depends upon
expression, or superantigens, autoreactive T cells could alsoteractions between the leucocyte integrins, e.g. leucocyte
be stimulated by completely nonspecific mechanisms, such  function-associated antigen (LFA-1), with molecules on
as the exposure to high local concentrations of cytokinegndothelium such as the Ig-related molecule, intercellular
secreted in the course of unrelated inflammatory reactions.  adhesion molecule (ICAM)-1. This binding arrests the rolling
Furthermore, loss of self-tolerance could result from a changand allows the leucocyte to attach firmly to the endothelium.
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In the third step the leucocyte squeezes through the endothelial (Vass and Lassmann, 1990; Lassahat@9%k, b, c;
wall (diapedesis). The fourth step is the migration of theFabryet al., 1994).
leucocytes through the tissues along a concentration gradientOnce the inflammatory reaction has been fully ignited,
of chemoattractant molecules (chemokines) secreted by celtbe local brain microenvironment will change rapidly. The
at the site of inflammation. It is clear that the various adhesiorgoncentrations of inflammatory mediators rise sharply, leading
molecules involved in the extravasation process are potentidp changes in the blood-brain barrier and allowing a secondary
targets for immunotherapy. influx of monocytes and other inflammatory cells (Fig. 5).
Once having entered the brain, the activated autoreactiveuring the different stages of acute and chronic lesions,
T cells must be confronted with CNS autoantigens withindifferent cells may play different roles. This is exemplified
the CNS parenchyma. Animal experiments in which EAEDY the complex role of astrocytes. In some situations,
can be transferred into previously healthy recipients by th&ytokine-stimulated astrocytes might act as fully competent
injection of activated CD4, MBP-specific, T cells (for (Fontanaet al, 1984) or partially competent (Webet al,
review, see Wekerle et al, 1994) indicate that the first 1994) facultative antigen-presenting cells during an early
intruders are autoantigen-specific CBZ cells. CD4+ cells ~ Stage of lesion development. Under different conditions,
recognize their antigen as peptides embedded in MHC cladiowever, the same astrocytes can produce local inhibitory
Il molecules located on the membranes of antigen-presentingjgnals that limit the activity of lesions during a later
cells (Fig. 3). Which of the MHC-expressing cells at the Stage (Meinlet al, 1994; for review,see Shrikant and
blood—brain barrier or in the adjacent CNS parenchyma coul@€nveniste, 1996). _ _
then act as antigen-presenting cells? Clearly, this question hasAN important lesson from EAE is that many proteins of the
not been definitely answered, but the most likely candidate8€rvous system are potentially encephalitogenic (Wekerle

include perivascular macrophages and microglia cells, at lea§t @-» 1994; Lassmann and Vass, 1995). Apart from MBP,
during the initial stages of the autoimmune reaction (forth® autoantigen of classic EAE, other myelin antigens such

reviews on microglia cells and their role in inflammatory as proteol_ipid protein (PL'_D) and myel_in-oligodendrocyte
CNS diseaseseeFabryet al, 1994; Raine, 1994; Wekerle, 9lycoprotein (MOG) can all induce experimental encephalo-
1994; Kreutzberg, 1996; Shrikant and Benveniste, 1996)!_~nyel|t|s under apprc_)prlate condmong. An expeqmental autg-
One subpopulation of perivascular cells seems to expreé mune encephalitis can even be induced with nonmyglm
MHC class Il antigens constitutively, that is even without am'ge’?s such as S_lB’OWh'Ch IS abunda_\_ntly expressed in
requiring activation. Other brain cells require stimulationaStrOg'“’?1 but not o_hgodendrocy_tes (Kojimet al, 199.4)'
with proinflammatory cytokines to express MHC class I Interestmgly,_any single autoantigen may prpduce dlffer.ent
antigens along with various cellular adhesion moleculestypes of chmcal_course apd pathology in d'ﬁefe”‘ strams.
including B7 (Wekerleet al, 1994: Williamset al, 1994). of the same animal species (note that each inbred strain

o ol }
The cytokines could come initially from activated CB4 corresponds to onelndlwdua! of an outbred spemes..). Further
more, the topography of lesions may be strictly dictated by

. . "he nature and origin of the autoantigen. Antigens present in
oth_er, secqndary recruited inflammatory C_e”S and fromthe compact myelin, such as MBP and PLP, produce lesions
actlva_ted glia cells (Fab_ryt al, 1.994)' The promflgmma_tc_)ry located in areas with the thickest myelin sheaths (spinal cord,
_cytoklnes that most -eff|C|entI-y induce and recruit ,add't'onalbrainstem; Lassmann and Vass, 1995). In contrast, MOG, an
inflammatory cells include interferop- lymphotoxin and  5ptigen localized exclusively on the myelin surface, is present
tumour necrosis factaa- (TNF-0). _ in high concentrations in areas with many thin myelin sheaths.
Like all immunological reactions, the recruitment of local tha sites of inflammation observed after transfer of MOG-
antigen-presenting cells must be considered as a dynamigecific T cells include the periventricular and cerebellar
process. A few strategically localized antigen-presentingyhite matter (Lassmann and Vass, 1995). The inflammation
cells, constitutively expressing MHC class Il together withjnqyced by S10B-specific T cells involves the cerebral
sufficient myelin  peptides released from  adjacenicortey, retina and uvea in addition to the typical white matter
oligodendrocytes and myelin sheaths during physiologicajesjons (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.
CD4+ 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 soogells in S10@-induced disease (Kojimet al., 1994), whereas
other local cells will be recruited to express MHC class Il activated macrophages predominate in MBP-induced EAE
and costimulatory molecules (for reviesee Shrikant 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 mostlisease (Lucchinettet al, 1996). Like in EAE models,
easily (some express MHC class Il molecules everheterogeneity could reflect individual patterns in response to
constitutively), and activation of other microglia cells, the same antigen, or a variable response to different antigens,
pericytes and perhaps endothelial cells and astrocytes follows both. The situation is further complicated by the possibility
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that different autoantigens might be involved during different specific T cells, autoantigen-specific B cells, antigen-
stages of multiple sclerosis. Again, the basis for this conceppresenting macrophages and glia cells, and autoantigen are
of ‘determinant spreading’ lay in animal experiments. The  all concentrated in the same local microenvironment. In
concept maintains that in immunized animals an initialaddition to locally produced Igs, systemically produced
response, which may be restricted to only one dominant  antibodies could gain access to the CNS when the blood-
epitope of the autoantigen (perhaps mimicking a foreigrbrain barrier becomes leaky as a consequence of local
antigen) may later spread to additional determinants inflammation.
(intramolecular spreading; for reviewsgee Sercarzet al., There is very little information on antibody-mediated
1993; Miller et al, 199%). Even more complex, the  demyelination. There is evidence that after binding to the
encephalitogenic immune response may spread from onmyelin surface, demyelinating autoantibodies activate
CNS autoantigen to another (intermolecular spreading). For ~ complement and attract macrophages/microglia (for reviews,
example, in chronic-relapsing EAE induced by immunizationsee Compstonet al, 1991; Hartunget al, 1995; Brosnan
with a peptide of PLP, the order in which new determinantsare  and Raine, 1996). The macrophages contribute to
recognized during the course of disease follows a predictabléemyelination not only by physically ‘stripping’ the myelin
sequential pattern, in that the immune response spreads to but also by directed release of complement and inflammatol
other determinants of PLP and to a different autoantigenmediators, including reactive oxygen species and eicosanoids
MBP (Yu et al, 1996). The most popular explanation for sgebelow). Furthermore, macrophages secrete TiEiso
determinant spreading is that the tissue damage that occutisought to participate in myelin injury (Brosnax al., 1988;
during the early stage of the inflammatory response leads to ~ Selmaj and Raine, 1988;8elmdj99X). In addition,
the secondary sensitization of T cells against additionalsome mediators and cytotoxic factors are presumably
different determinants (Sercaet al, 1993). An additional  provided by activated glial cells, thus contributing to myelin
mechanism could be ‘clonal exhaustion’ (depletion) ofinjury (Selmajet al., 199b; Cannella and Raine, 1995). For
activated autoreactive T cells, e.g. by local apoptosis. At  example, reactive astrocytes in multiple sclerosis lesions
present, there is no solid evidence that determinant spreadirggpntain NADH diaphorase ..activity, reflecting nitric oxide
occurs in human multiple sclerosis. This is not surprising, synthase catalytic activitgt(Bb, 1994). The synthesis
since it is not even known which of the various of nitric oxide, a reactive nitrogen metabolite with broad
encephalitogenic autoantigens of the different EAE models  antimicrobial and proinflammatory activity, is probably
are involved in multiple sclerosis. induced by proinflammatory cytokines such as T&FL-1

Thus far, our discussion of the immunopathogenesis of  and interfefbowenstein and Snyder, 1992; Choi, 1993;
multiple sclerosis has focused on autoreactive T cells. It idiu et al 199@). In multiple sclerosis lesions, strong
becoming increasingly clear, however, that B cells and their ~ expression of inducible nitric oxide synthase was observed
products, antibodies, are equally important, especially foin macrophages in regions of active demyelination (De Groot
demyelination. The lesions of classic MBP-induced EAE inet al., 1997).
Lewis rats, which are produced by the transfer of purified A key assumption of the scheme shown in Fig. 5 is that
MBP-specific T cells alone, are mainly inflammatory, not only the initial steps of the immunopathological chain reaction
demyelinating. If, however, a MOG-specific monoclonal involve specific antigen recognition by autoreactive T cells
antibody is co-injected with the T cells, large demyelinating and autoantibodies. These initial events trigger a complicated
lesions develop (Liningtoet al., 1988; Genairet al., 199%).  inflammatory cascade. The most important cells of the later
That the transfer of T cells is necessary, but by no means  stages are the macrophages and glia cells, especially microgli
sufficient for demyelination, has not only been observed with(Perry et al,, 1993). These cells produce a large number of
MBP-specific T cells but also with T cells specific for other biologically active substances and inflammatory mediators.

CNS autoantigens, such as MOG and Sf.08Iso in those Macrophages phagocytose corpusculate tissue debris and
models, demyelinating lesions develop after co-injection of  then digest the ingested material. Soluble material, such as
anti-MOG antibody (Liningtoret al, 1993; Kojimaet al.,  immune complexes (i.e. antigens bound to antibody) are

1994). These observations support the concept that T cells internalized by macrophages following attachment to surface
specific for various CNS autoantigens initiate inflammationreceptors (receptor-mediated pinocytosis). Macrophages
and open the blood—brain barrier, whereas autoantibodies express various receptors for Ig and two distinct receptor:
against surface antigens of myelin or oligodendrocytes aréor the third component of complement. The various cytotoxic
required to produce demyelination (for reviewsgWekerle  or proinflammatory substances produced by macrophages

et al, 1994; Lassmann and Vass, 1995). Furthermoreinclude protein-degrading enzymes (such as elastase,
autoreactive helper T cells might locally cooperate with collagenase, lysosomal enzymes, etc.), cytokines and
autoreactive B cells in the production of anti-myelin chemokines (especially IL-1, TN&; IL-6, IL-8, IL-12),
autoantibodies, especially in chronic lesions (the ratio of  complement components, active oxygen molecules (including
T cells to B cells was ~190:1 in early and 6.6:1 in latefree radicals) and a number of eicosanoids (including
lesions;seeOzawaet al, 1994). Locally produced Igs are prostaglandin,, Bprostacyclin, thromboxane A and
presumably enriched in autoantibodies, because autoantigeleukotrienes B and G). These factors stimulate other
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inflammatory cells and contribute directly to local tissue apoptosis are based on EAE experiments. In multiple
injury, not only affecting myelin and oligodendrocytes but sclerosis, no autoantigen has been established and there-
also the blood-brain barrier. The barrier becomes more leaky, fore, epitope spreading has not been demonstrated. Intere
allowing the influx of additional soluble factors from the tingly, however, apoptotic T cells have indeed been observed
blood, which further amplify the immune reaction (Fig. 5). in multiple sclerosis lesions (Oetalg 1994).

It seems that, in principle, macrophage- and microglia- It is likely that other local mechanisms of lesion
induced demyelination may occur even in the absence of a  confinement exist, apart from the apoptosis of autoantigen:
myelin-specific antibody or T-cell response; transgenic micespecific T cells. During lesion development, counter-
in which the expression of a macrophage/microglia activating regulatory or protective mechanisms seem to gain strength
cytokine, IL-3, was targeted to astrocytes, developedand eventually override the proinflammatory factors. In
multifocal, plaque-like demyelinating lesions containing large ~ some instances, the same factor may play a dual role,
numbers of proliferating and activated foamy macrophageproinflammatory or anti-inflammatory and protective,
microglia cells (Chianget al, 1996). Thus, chronic CNS  depending on the disease stage. For example, the same cells
production alone of low levels of IL-3 promotes the that initially produce proinflammatory signals, may later
recruitment, proliferation and activation of macrophage/  switch to the production of downregulatory factors. We found
microglia cells in CNS white matter with consequent primarythat human astrocytes produce soluble factors that inhibit T-
demyelination. cell proliferation, provided the astrocytes were first exposed

Why does the clinical (and MRI) activity of individual to signals from activated T cells (Meiet al.,, 1994). A dual
multiple sclerosis lesions eventually resolve spontaneously  role has also been proposed for the heat-shock proteins (hsp
without treatment? This question is as difficult to answer adigh levels of hsp60 in structurally intact oligodendrocytes
is the question why and how lesions arise in the first place. in acute multiple sclerosis lesions could indicate a protective
At present, we assume that the primary systemic activationole, whereas in chronic active lesions, hsp60 might act as
of autoreactive T cells is usually monophasic and abates  an autoantigen recognized by T cells expresgng the
when the precipating factors, e.g. infections are clearedreceptor (for reviews,see Raine et al, 1996; Brosnhan
Furthermore, there is some evidence that during thet al, 1996).
recovery phase of clinical or MRI activity there is an Not only do the functional properties of cells change
increased systemic production of downregulatory cytokines  during lesion evolution, the physical structure of the cellular
such as transforming growth factor (TGE)and IL-10  microenvironment changes too. For example, myelin and
(Rieckmannet al., 1994). This would indicate that systemic oligodendrocytes are increasingly lost and partly replaced by
downregulatory factors at least contribute to the stabilizatiorreactive astroglia (Prineas, 1985; Raine, 1991; Lassmann and
of lesions. In addition, local factors of lesion confinement  Vass, 1995). Because of the permanent structural changes, it
are perhaps even more important during this phase. One suéhunlikely that existing lesions completely return to a normal
mechanism could be the local elimination of autoreactive T  immunological status. This may be one of the reasons why
cells. There is indeed evidence that many T cells dieMRI activity (contrast enhancement) often recurrs in areas
via apoptosis (‘programmed cell death’) after local (re-) of pre-existing lesions (Bagklabf 1992; McDonalckt al.,
stimulation in the CNS (for reviewseeBaueret al., 1995). 1992; Miller and Nauta, 1993).

Apoptosis occurs in activated T cells under certain condi- The preceding discussion of the pathogenesis of multiple
tions, e.g. ligation of the ‘death receptor’ Fas by its ligandsclerosis could only provide a rough outline of the present
(Fas-L). Both molecules are upregulated on activated T cells  concepts. Clearly, a thorough understanding of the
(Crispe, 1994; Lynchet al, 1995; Nagata and Golstein, pathophysiology of the disease is the basis for rational
1995). It has been suggested that apoptosis, which would treatment and prevention (Hauser, 1994). The various
lead to the self-destruction of the autoantigen-specific T cellstrategies for the immunotherapy of multiple sclerosis will

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 (Bausral., 1995).

Local apoptosis of autoreactive T cells might indeed explain

certain characteristics of CNS autoimmunity such as th . . .
monophasic course and resistance against re-induction %art 2. |r_nmunotherapet_Jt|q strategies

classical EAE, and the phenomenon of ‘epitope spreadingntroduction: advances in immunology and

discussed earlier in this section. Hypothetically, the populatiobiotechnology

of autoreactive T cells that initiates a lesion could be partlyThe novel immunotherapies discussed in the second part of

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

be mediated by T cells of slightly different specificity,  with biotechnological products designed to mimic, inhibit or
explaining why the epitope recognized by the T cells haotherwise interact with naturally occurring polypeptides or
apparently ‘spread’ or shifted. It must be emphasized, how- polynucleotides. The following aspects will be emphasized
ever, that the concepts of epitope spreading and locahroughout the discussion of individual treatment strategies:
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(i) immunological principles and rationale, (ii) experimental solved in 1987. The techniques for the generation of
and clinical evidence and (iii) problems. transgenic mice and for gene targeting by homologous
Therapies with conventional ‘chemical’ immuno-  recombination were also developed during this time. Now,
suppressants will not be addressed (for critical revieseg, in the late nineties, the human genome project is progressing
Ebers, 1994; Polman and Hartung, 1995; Thompson and rapidly. Cytokines and neurotrophic factors are booming
Noseworthy, 1996). Likewise, strategies to foster myelinareas (Yuen and Mobley, 1996). Refined recombinant DNA
repair and remyelination, using neurotrophic factors or other  techniques allow for genetic engineering and design of
agents, are fascinating but also beyond the scope of thigroteins almost ‘at will'. Most of these discoveries have
article (for reviews on remyelination strategissgFranklin, already had a profound impact on clinical medicine, especially
1993; Compston, 1995; Duncan, 1996; McMorris andin the pathophysiological understanding and diagnosis of
McKinnon, 1996; Milleret al., 1996). genetic disorders. Therapeutic applications are growing
Biotechnological agents for immunotherapy are beingrapidly. Novel techniques for drug design, such as
developed not only for multiple sclerosis but also for other ~ combinatorial chemistry, rapid screening of compound
disorders and immunological conditions such as rheumatoitlibraries’ and structure-based drug design are likely to
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
following, most of the novel immunotherapeutic agentsNovel proteins can be engineered by altering the DNA
do seem to require continuous long-term application, but  sequence of the cloned gene (site-directed mutagenesis)
strategies aiming at a lasting tolerance state are also in sigHtarge parts of a gene can be deleted by cutting out a segment
The therapies discussed here direct phases of the disease  with restriction endonucleases and ligating the remainir
where inflammation and (auto)immune reactivity is portions to form a smaller gene. Parts of two different genes
prominent. Because immunological activity of the disease is can be ligated to create new combinations (the product of
likely to change over time, it cannot be expected that allsuch a fused gene is called a ‘fusion protein’). In fact,
therapies will be suitable for all phases and for all clinical  ingenious methods exist to bring about virtually any gene
types. Progress in clinical trial and MRI methodology shouldalteration. The techniques of protein and nucleic acid
facilitate the rational selection, application and critical chemistry are highly synergistic for protein engineering, so
evaluation of immunotherapies and to determine their optimathat investigators can easily move back and forth between
time frame during the disease course (for reviewsg gene and protein.
Whitaker et al., 1995; Miller et al., 1996&; Rudick et al., Protein engineering techniques are, for example, widely
1996; 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
The biological revolution monoclonal antibodies are made in mice, since it has been
Heralded by the discovery of DNA as the primary genetic  difficult to produce human monoclonal antibodies from
material and identification of its double-helical structure, thehybridomas. Unfortunately, human patients rapidly develop
‘biological revolution’ began in the fifties and has continued an antibody response to these foreign mouse proteins. Once
until today. Since every new discovery and technologicathis has happened, all mouse monoclonal antibodies become
breakthrough further speeds progress, the growth curve of  useless in that patient.
knowledge is exponential rather than linear. Obviously, One way to avoid this problem is to clone human V region
the advances of modern biology have a profound impact genes into a ‘phage display’ library (@firatier 1994;
on medicine in general, and on immunology andMarks and Marks, 1996). The phage display technique allows
immunopharmacology in particular. To mention only a few—  the construction of antibodies of predetermined binding
perhaps arbitrary—landmark dates, the basic concepts apecificity by using libraries of associated heavy and light
immunological tolerance were formed in the late fourties and chain variable domains expressed on the surface of
early fifties; the immunological function of the thymus was filamentous bacteriophages (so-called phage-antibodies).
first described in 1961; the structure of Igs was illucidated Rare phages are selected from the repertoire by antigen
during the sixties; the generation of monoclonal antibodiedinding; soluble antibody fragments are expressed from
was reported in 1975; the genetic basis of antibody diversity  infected bacteria; the affinity of binding of selected antibodies
was described in 1976; the chemical cleavage and chairis then improved by mutagenesis techniques (Wieteal.,
termination methods for DNA sequencing were published in 1994).
1977. In the early to mid-eighties the T-cell receptor was A second approach is to introduce transgenes for human
identified as a protein and cloned as complementary DNA Ig heavy and light chain loci into mice that lack endogenous
(cDNA). The polymerase chain reaction (PCR) was devisedg genes. B cells in these transgenic mice should have
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 1gG antibodies (Fig. 6). Many

engineered proteins of this type are eventually recognized
5 as foreign. Therefore, successful therapy with engineered
TNF-R 55 TNF-R 75 proteins is often limited to a short period of time before
(55kd) (75kd) neutralizing antibodies develop.

LT

Anti-TNF

Fig. 6 Immunotherapies directed against tumour necrosis factor
(TNF)-a and lymphotoxin (LT)e. TNF-a and LT-a 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 ; ;

TNF-R (sTNF-R), which are shed from the cell surface, can bind ollgonucleotlde therapy

and thus neutralize TNB-and LTa. For therapy, STNF-R was ‘In contrast to many previous medical revolutions such as
fused to the Fc part of human Ig (upper right). Monoclonal anti- anaesthesia, antibiotic therapy and organ transplantation, gene
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
tolerant to most human proteins. It is therefore possible tdrom Friedmann, 1996). This statement is all the more true for
produce monoclonal antibodies that are indistinguishable  the application of gene therapy techniques to immunological
from human antibodies by immunizing such mice with humandiseases other than genetic immunodeficiency syndromes,
cells or proteins. A third approach is to replace large portions  although it is conceivable that gene therapy will eventually
of mouse monoclonal antibodies with human sequences tbe applied to treatment of acquired autoimmune diseases
generate ‘chimeric’ or ‘humanized’ monoclonal antibodies, such as multiple sclerosis. For example, recombinant vaccinia
which should be less immunogenic in humans than areirus containing DNA of the antigen-specific receptor of
unaltered mouse antibodies. autoaggressive T cells has been used for T-cell receptor

The single-chain variable portion of Ig molecules (sFv)vaccination to protect mice from EAE (Chundusi al,
represent another example of engineered antibody that  1996). Vaccinationahi¢€with naked DNA encoding
consists of a single polypeptide chain in which thg &hd  T-cell receptor \B8.2 protected mice from EAE and shifted
V. domains are connected by a flexible peptide ‘linker’ (for  the autoimmune response from T helper cell (TH)1 to TH2
review, seeDe Kruif et al.,, 1996). Diverse repertoires of sFv (Waismanet al., 1996).
genes can be generated with the PCR either frgnakd Experimental arthritis could be suppressed by gene transfer
genes that had been rearrangedvivo or from V gene of IL-1 receptor antagonist (IL-1ra) cDNA into joints,
segments that are rearrangedvitro. The repertoire of sFv ~ mediated by synoviocytes transduced with a retroviral vector
genes is cloned into a phage vector to generate ‘phagearrying the IL-1ra cDNA (Makarovet al, 1996).
antibodies’ (phage display technologgee above). Inside Experimental autoimmune neuritis could be attenuated by
each phage antibody is the vector DNA containing the genénjection of neuritogenic T-cell lines transduced with a
for the sFv. Phage antibodies binding to a specific antigen  recombinant retrovirus containing the mouse nerve growth
can be separated from nonbinding phage antibodies by affinitiactor gene (Krameet al., 1995). This experiment suggests
chromatography on immobilized antigen. Repeated rounds a more general strategy in which genetically engineered
of selection make it possible to isolate antigen-bindingautoreactive T-cells are employed as vehicles to deliver
phage antibodies that were originally present at very low  therapeutically useful factors across the endothelial blood—
frequencies. nerve or blood-brain barrier (Krameet al, 1995).

The sFv molecules fused or chemically linked to cytokines, Furthermore, T cells (or other cells) could be co-transfected
toxins, enzymes or drugs can serve as carriers to targetith homing receptors that would determine the migration
specific cells or sites. Antibodies coupled to toxins (called properties. In this way, it may eventually be possible to tailor-
‘immunotoxins’; for review,seeThrushet al., 1996) could design cellular carriers for neurotrophic factors, cytokines or
be used to kill activated T cells selectively. Bivalent  cytokine inhibitors, which can guide these therapeutic agents
antibodies, with both arms of the same specificity, can increas® any desired site.
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 achievediversity of cytokine responses (lhle, 1996). The functional
in the mouse by intraperitoneal injection of cationic liposomesedundancy of cytokines can be explained partly by the fact
containing appropriate expression plasmid (Rogly al,  that the different members of a subfamily share a common
1995). On the other hand, it would be an obvious disadvantagsignal-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 oligohaematopoietins, interferons, Ig superfamily members, and
nucleotide technology uses single-stranded oligonucleotidee chemokines (Paul and Seder, 1994). It appears that
which hybridize to the complementary strand of messengegytokines and their receptors have all diversified during
RNA and thereby prevent the mRNA from encoding aeyolution. In higher animals, the ‘cytokine network’ has
functional protein. Antisense methods are firmly establishedeached such an enormous complexity that it is impossible
as research tools, e.g. for studies of gene expression, but they 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)nctional network involves not only soluble cytokines but
A different approach, to be mentioned here briefly, is t0giso soluble cytokine receptors in addition to membrane-
design short RNA molecules that can specifically bind andyssociated receptors and in some cases, membrane-associated
block proteins (‘RNA decoys’). Usingn vitro selection  cytokines (‘tethered ligands’). A soluble form of receptor
techniques, ‘designer’ decoy RNAs have been isolated frong,ists 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 jjarnative splicing of its messenger RNA (Heaney and
naturally interact with nucleic acids. For example, a deSignebolde 1996).

decoy RNA was identified that binds and blocks a monoclonal The cytokine-based immunotherapies that can be envisaged

ant||body reqo?mtzmg thted humalgNXlsuhn . relcip(tjofr; thisgqy multiple sclerosis follow one of two basic strategies. The
nuclease-resistant varant decoy was Isolated from ag o strategy is to administer ‘downregulatory’ cytokines,

RNA library containing 2-amino pyrimidines (Lee and : :
. LT such as interferofy; IL-10, or TGF{. It should be kept in
Sullenger, 1996). This RNA derivative 1810 000-fold more mind, however, that cytokines with exclusively down-

stable than unmodified RNA in serum and can inhibit anti- : . ;
; . D . o . : regulatory (or exclusively proinflammatory) properties do not
insulin autoantibodies from patients with insulin resistance, _; . 27 S
. : exist. The second strategy is to administer inhibitors of
suggesting that decoy RNAs seleciad/itro may be able to . .
gromflammatory cytokines. For example, one could use a

block oligoclonal autoimmune responses to self-antigen . . : T .
. . . . : ) enetically engineered (‘humanized’) monoclonal antibody
selectively in patients with autoimmune diseases (Lee ang ™ = = .~ . .
or inhibition of TNF-a. Alternatively, one could design
Sullenger, 1996). ) o
recombinant TNF receptor constructs for neutralization of

circulating TNF. Finally, one could make therapeutic use of

Therapy with cytokines and anti-cytokines naturally occurring cytokine in_hibitors or antagonis.ts, such
Cytokines are soluble peptides that mediate intercellulafS the IL-1 receptor anatagonist, a naturally occurring com-
communication. They act by binding to high-affinity receptorsPEtitive inhibitor of the proinflammatory cytokine IL-1
expressed on target cells and by inducing biochemical signa@inarello and Thompson, 1991; Arend, 1993). _
within those cells. Cytokines are not only released by cells On€ consequence of the complexity of the cytokine
of the immune system but also by many other cell types. Mamrﬂetwork is that_ it is V|rtua!ly |mp055|bl_e to_pre_d_lct the overall
effects of cytokines are redundant, i.e. different cytokinesEfféct that a given cytokine or cytokine inhibitor may have
can induce similar or identical effects. Furthermore, mostn Vivo. Although it is obviously essential to test the safety
cytokines have a multitude of different biological effects, i.e.and efficacy of cytokine-based therapies in animal models,
they are ‘pleiotropic’ (Table 1) (Paul, 1989; Paul and Sedertotally unexpected, severe adverse effects may still occur in
1994). Neurotrophic factors, a special class of cytokines thaglinical trials in patients. This is emplified by a tragic episode
act mainly on neuronal cells but may also affect immunethat occurred in 1995 when genetically engineered IL-12
cells (Torciaet al., 1996), are not included in Table 1. severely harmed several patients with renal cell carcinoma.

The receptors for cytokines can be grouped into familiedt was particularly disturbing that the cytokine had been
(Taniguchi, 1995; lhle, 1996). Signalling by these receptorgreviously tested not only in animal experiments but also in
depends on their association with a novel family of proteinpatients in another pilot trial without adverse effects. It
tyrosine kinases termed Janus kinases (Jaks), which coupigpears that a slight difference in mode of application was
ligand binding to tyrosine phosphorylation of intracellular critical. This instance reminds us that any therapy is ultimately
signalling proteins recruited to the receptor complex. Amongempirical, regardless of how solid its theoretical foundations
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 + + + + (pleiotropic effects on many cells)
IL-2 TH1, OC + + +
IL-3 T, OC + + (haematopoetic growth factor)
IL-4 TH2, OC + + (TH2) + (pleiotropic effects on many cells)
IL-5 TH2, OC + + (eosinophils)
IL-6 TH2, B, M, OC + + + (e.g. release of acute phase proteins;
haematopoetic factor)
IL-7 Stromal cells + (pre-B cells) + (thymocytes)
IL-8 M, T, OC + (attractant) + (e.g. neutrophil attractant; angiogenic
factor)

IL-9 T + + + (erythroid precursors)
IL-10 T, B, M, OC + + (TH2) - + or — (OC)

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

attractant for attractant for

CD4+ T) CD4+ M)
IL-1 ra M, OC - - - — (many OC)
IFN-a B, T,M Complex actionsseetext
IFN-B Fibroblasts, Complex actionsgetext

many OC

IFN-y T, OC Complex actionsseetext
IFN-w leucocytes, OC limited information available
TNF-a M, T, OC + + + + (pleiotropic effects on many cells)
LT (TNF-B) T, 0OC Similar to TNFe
GM-CSF T, M, OC + + (growth factor for progenitors and OC)
TGFf Many cells - - + or — + or — (highly pleiotropic;seetext)
MCP-1 M, T, OC +(attractant) + (attractant)
MIP-1 M, B, T, OC + (attractant) + (attractant) + (e.g. attracts neutrophils, eosinophils)
IP-10 M, T, OC + (attractant) + (attractant) + (e.g. promotes adhesion to activated EC)
RANTES T, M, many OC + (attractant) + (attractant) + (e.g. attracts eosinophils)
+ = stimulatory effect;— = inhibitory effect (blank= unknown, minor or absent effect); B B-lymphocyte; EC= endothelial cell;

GM-CSF = granulocyte-macrophage colony-stimulating factor; IENnterferon; IL = interleukin; IL-1 ra= IL-1 receptor antagonist;
LT = lymphotoxin; M = monocyte/macrophage; MCP monocyte chemoattractant protein; M# macrophage inflammatory protein;
IP-1 = interferony-inducible protein; OC= other cells; RANTES= ‘regulated on activation, normal T cell expressed and secreted’;
T = T-lymphocyte; TGF= transforming growth factor; THE T helper type 1 cell; TNF= 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 rolén vivo.

Interferons

ents of the intracellular signalling pathways are shared
between the type | and type Il interferons, so that the
Principles.interferons represent a family of cytokines that signalling pathways of the different interferons partially
interfere with viral replication. In addition, interferons have overlap (Darnellet al, 1994). Additional interferons have
antiproliferative and various immunomodulatory effectsbeen discovered, but they are not characterized as well.
(Trinchieri and Perussia, 1985; Paul, 1989; Paul and Seder, Interferony is produced by activated T cells and natural

1994: Farrar and Schreiber, 1993; Sen and Ransohoff, 1998iller cells (Trinchieri and Perussia, 1985; Paul, 1989; Farrar
Arnason and Reder, 1994; Arnason, 1996). Interfexémpart ~ and Schreiber, 1993; Sen and Ransohoff, 1993; Paul and

of a multigene family, whereas interfer@hand interferony ~ Seder, 1994). It is a potent activator of macrophages and

are encoded by single genes. Because interfBraand = monocytes, and induces an array of inflammatory mediators
interferonea share components of the same receptor, they ar these cells. An important function among many is to
referred to as type | interferons. Interferpmises a separate increase the expression of class | and class MHCII molecules
receptor system and is referred to as type Il interferonon a variety of cell types, including both specialized and
Although the surface receptors are different, certain compon-  more adaptable antigen-presenting cells. This increase ir
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MHC expression facilitates antigen presentation, thereby cized, and the pros and cons of infeidieeootrrently
augmenting and accelerating immune responses. being debated among neurologists. Published results show a
Type | interferons, interferon- (actually a family of  reduction of ~30% in the exacerbation rate [Sibley and IFNB

closely related proteins) and interfer@n-are produced by (interferon beta) Multiple Sclerosis Study Group, 1993; IFNB
almost all mammalian cells upon stimulation. Attribution Multiple Sclerosis Study Group, 1995; Jecabs1996],
of interferone to leucocytes and interferdhto fibroblasts a significant reduction of MRI activity (Patgt al, 1993;
is purely historical. One (but not the only) inducer of IFNB Multiple Sclerosis Study Group, 1995; &toak
interferon synthesis is double-stranded RNA, which is partl995; Jacob®t al, 1996) and a delay in time to sustained
of the infectious cycle of viruses, but it is not found in  clinical progression (Jaebak 1996). Recombinant inter-
mammalian cells. Interferofi-and interferony trigger the  feron-a also seems to reduce exacerbation frequency and
synthesis of several host-cell proteins that contribute to MRI activity (Dwetdll., 1994; Jacobs and Johnson, 1994).
the inhibition of viral replication. Like interferog; type I  An important observation relevant also to interfefdns
interferons increase expression of MHC class | molecules  that disease activity resumed after stopping treatment with
and thereby enhance the ability of virus-infected cells torecombinant interferoi- (Durelli et al., 1996).
present viral peptides to CB8 T cells. In contrast to The mechanism(s) of the comptexivo effects of type
interferony, however, interferor3 and interferora do not | interferons are unknown and are obviously difficult to
induce the synthesis of MHC class Il proteins; they  investigateitro. Antiviral and antiproliferative actions
suppress it (Linget al, 1985; Inabaet al, 1986). This might contribute to the overall clinical effect in multiple
effect may be important for the immunomodulatory activity ~ sclerosis, although immunomodulatory effects such as
of type | interferons (Weinstock-Guttmaet al., 1995). reduction of transcription of MHC class Il molecules are
The exact mechanism of interfer@mediated MHC class  considered more important (Arnason and Reder, 1994;
Il inhibition is not completely understood. It appears thatWeinstock-Guttmaet al., 1995; Hallet al,, 1997). Consistent
interferonf3 somehow reduces the activity of the class Il with this notion, type | interferons are also effective in EAE
transactivator CIITA, a factor necessary for interfeggen- (Abreu, 1985; Brodet al, 1995; Brod and Khan, 1996; Yu
induced MHC class Il transcription (Let al., 1995). Apart et al., 1996).
from the inhibition of MHC class Il expression, humerous
other immunomodulatory effects of type | interferons haveProblems.The major short- and medium-term side effects
been described. However, the relative importance and mutuabserved thus far in multiple sclerosis trials of interfefon-
interdependence of these effects is not well understood include flu-like symptoms and (usually mild) laboratory
(Weinstock-Guttmanet al, 1995). Interferor has been abnormalities (IFNB Multiple Sclerosis Study Group, 1995;
shown to upregulate IL-10 expression and secretion by T  Jasohls 1996). Skin necrosis at injection sites occurred
cells and monocytes (Regi al.,, 1996; Rudicket al., 1996), in 1-3% of patients in a trial of interferoptb (IFNB
indicating that part of the clinical effects of interfer@nare Multiple Sclerosis Study Group, 1995). Whether or not the
in fact mediated by IL-109eebelow for a discussion of the depressive symptoms and suicide attempts observed in this
effects of IL-10). In addition, interferoa-and $ inhibit the trial are causally related to the treatment is unknown (IFNB
production of IL-12 in micein vitro and—during viral  Multiple Sclerosis Study Group, 1995). It is also not clear
infection—in vivo (Cousenset al, 1997). Furthermore,  whether the discontinuation of interferon treatment can have
interferonf inhibited T-cell migration across basement adverse or rebound effects. In rat EAE, discontinuation of
membranen vitro, presumably by decreasing the secretion  treatment with recombinant rat intef@rathe recovery
of matrix-degrading enzymes (Leppest al, 1996; Stwe  phase resulted in a protracted and relapsing disease course
et al, 1996). Treatment with interfero-enhances serum with enhanced clinical severity (Ratiksl., 1996).
corticosteroid levels in rats with EAE (Ruukt al., 1996). A major unsolved problem of interferon therapy is the
However, it is doubtful that interferon-induced corticosteroid  development of neutralizing antibodies (IFNB Multiple
production is relevant to the therapeutic effects observe&clerosis Study Group, 1995; Jacobs al, 1996; IFNB
in multiple sclerosis, because corticosteroid levels were Multiple Sclerosis Study Group, University of British
unchanged after s.c. application of interfefdorfReder and Columbia MS/MRI Analysis Group, 1996). Antibodies of
Lowy, 1992). this type not only bind but also neutralize the biological
effects of interferor. Neutralizing antibodies have been
EvidenceBoth type | and type Il interferons were initially found in multiple sclerosis patients treated with interferon-
tried in multiple sclerosis for their antiviral effect (Jacobs 3-1b and in patients treated with interfer@nta. Neutralizing
and Johnson, 1994). A pilot trial of systemic recombinantantibodies have also been detected in patients treated with
interferony resulted in a sharp increase of exacerbations natural interfe(éierlbecket al., 1994), suggesting that
(Panitchet al,, 1987). In contrast, type | interferons turned the immunogenicity of interferons is not simply a
out to have a beneficial effect. consequence of structural differences between natural and
The effects of different recombinant interfer@rprepara- recombinant interferons. It is interesting in this connection
tions on relapsing multiple sclerosis have been widely publi-  that naturally occurring autoantibodies against a number
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of cytokines, especially IL-d, IL-6, IL-10, interferone, induces or enhances the production of reactive oxygen and

interferonf, and LIF (leukemia inhibitory factor), have been NO (nitric oxide) derivatives, mediators that protect against

detected in serum of normal individuals and patients with  microbial and parasitic invaders but may also damage the

various autoimmune diseases (for reviseeBendtzeretal,  host. Since TNFRx can induce its own transcription, special,

1995). The functional importance of these autoantibodies is  as yet incompletely understood, control mechanisms are

not clear, but they could be involved in the network of required.

cytokine regulation. TNF is one of at least 10 (known) members of a family

In multiple sclerosis, neutralizing antibodies againstof ligands that activate a corresponding family of structurally

interferonf seem to attenuate or abolish the treatment effect  related receptors (Bazzoni and Beutler, 1996). The receptor:

(IFNB Multiple Sclerosis Study Group, 1995; IFNB Multiple initiate signals for cell proliferation and apoptosis, which

Sclerosis Study, University of British Columbia MS/MRI play a fundamental role in the normal development and

Analysis Group, 1996). Neutralizing antibodies developedunction of the immune system. Mutations of the genes

during the first year in 35% of patients (43 out of 124) corresponding to the ligands or receptors can cause severe

treated with &1CP units in the IFNB Multiple Sclerosis derangement of the immune response. All members of the

Study Group trial (IFNB Multiple Sclerosis Study Group and ~ TNF-ligand family are believed to consist of three polypeptide

UBC MS/MRI Analysis Group, 1996). By the end of the chains. All but lymphotoxir (which consists of a single

third year, 38% of the remaining patients (34/89) were lymphotoxsubunit and two lymphotoxifs-subunits) are

antibody-positive. A similar proportion of patients developedmade up of three identical subunits. All except lympho-

neutralizing antibodies in the low-dose treatment arm. In the  taxifwvhich is entirely secreted) and TN#F-(which is

future, it will be essential to observe the titres and effects opredominantly secreted) are transmembrane proteins that act

neutralizing antibodies in much greater detail, using reliable mainly through cell—cell contact.

assays (Patet al, 1996). In the worst possible scenario, There are two types of TNF receptors, TNF-R55 and TNF-

neutralizing antibodies induced by therapy with recombinant R75. Like all other members of the TNF receptor family,

interferonf could crossreact against endogeneous interferorthey are believed to be transmembrane proteins that consist

B and ablate its physiological effects. Fortunately, there has  of two identical subunits. The two TNF receptors are

been no evidence thus far for such a far-reaching effect ofecognized not only by TNe-but also by the closely related

the therapeutically induced neutralizing antibodies, but the cytokine, lymphotoiieettela, 1991; Heller and Kroke,

possibility must be kept in mind. It is likely that the 1994; Smith et al, 1994; Cleveland and lhle, 1995).

extent of immunogenicity partially depends on the route of Lymphot@xininds to a separate receptor (Bazzoni and

administration. The development of therapy-inducedBeutler, 1996).

neutralizing antibodies is also a well-known phenomenon in Like the @Nigand, the TNF receptors exist in a fixed

therapies with interferoo- (Nolte et al, 1996). Whether membrane-bound and in a free soluble form (Fig. 6). Most,

truncated interferon derivatives or oral interferon can help to if not all cells express at least one type of TNF receptor.

circumvent this problem is presently unknown (RollwagenBinding of the homotrimeric ligand TNE- activates the

and Bagar, 1996). receptor in a way that is not fully understood (Bazzoni and

Further open questions and unsolved problems relate tBeutler, 1996). It is thought that ligand-induced changes

the optimal dosage, precise clinical indications, long-term bring the cytoplasmic regions of two receptors together,

effects and direct comparison of the different interferoninitiating a self-assembly process in which additional

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

Tumour necrosis factor antagonists pathway, to mediate biological responses, but many. aspects of
TNF-mediated signal transduction are still unknowraitéda,

Principles. TNF-a is a critical inflammatory mediator of 1991; Heller and Kroke, 1994; Smitlet al., 1994; Cleveland

EAE and multiple sclerosis, and may therefore be a target  and lhle, 1995). Interestingly, corticosteroids also seem to

for immunotherapy. TNFRx is produced by macrophages exert at least part of their immunosuppressive actions by

and other cells and exerts diverse effects on different cells inhibition of @Nkuphanet al., 1995; Scheinmaet al.,

and tissues. As a mediator of inflammation, ThiEtimulates  1995). Corticosteroids stimulate the production vBd, a

the release of IL-1, many other cytokines and all metabolites protein that holds the transcription fadBinNRactive

of arachidonic acid (Beutler and Cerami, 1987; Beutler andorm in the cytoplasm. NkB, a major regulator of many

Cerami, 1989; Jitela, 1991; Vassalli, 1992; Tracey and  cytokine and cell adhesion genes, is critically involved in

Cerami, 1993; Paul and Seder, 1994). Through its capacitthe TNF signalling pathway (Heller and Krke, 1994).

to influence leucocyte traffic by inducing or enhancing the Transgenic mice expressing a mutant transmembrane TNF

expression of adhesion molecules on endothelial cells, @NF-that is bioactive but not secreted develop chronic CNS

facilitates the local accumulation of macrophages, neutrophils inflammation, provided the mutant TNF is expressed in

and lymphocytes. In association with interfergnTNF-a astrocytes but not neurons (Akassoglen al, 1997).
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TNF-a is expressed in multiple sclerosis lesions, where it is Biological inhibitors of TNF include monoclonal antibodies
associated with CD3 T lymphocytes, microglia cells and against TNFe and soluble TNF receptor constructs (Fig. 6).
astrocytes (Selmagt al., 199Db; Cannella and Raine, 1995). Several of these agents have shown positive effects in EAE
Furthermore, TNFx and lymphotoxin are cytotoxic for (Ruddleet al, 1990; Bakelt al., 1994; Selmagt al., 1995;
oligodendrocytesn vitro (Brosnanet al.,, 1988; Selmaj and Klinkeret al, 1997) and rheumatoid arthritis (Ellictt al.,
Raine, 1988; Selmagt al, 199Lk). In EAE, secretion of 1994a, ). Anti-TNF-a agents being tested in rheumatoid
lymphotoxin and TNFa by T cells specific for MBP arthritis include the human/murine IgGIlchimeric
correlates with the encephalitogenic potential of the T cellsmeutralizing monoclonal antibody cA2 (Centocor); humanized
(Powell et al., 1990). Furthermore, several studies indicated anti-tNg&4 monoclonal antibody CDP571 (CellTech);
that in multiple sclerosis patients there is a correlationsoluble dimeric p-75 TNF receptor coupled to a human IgG1
between TNF levels in blood, serum or culture supernatant  Fc framework (Immunex); and soluble dimeric p-55 TNF
and the clinical course (Beclkt al, 1988; Sharief and receptor coupled to a human IgG1 Fc framework (Roche).
Hentges, 1991; Choffloat al., 1992; Rudick and Ransohoff, In two multiple sclerosis patients treated with the monoclonal
1992; Imamuraet al., 1993; Rieckmanet al,, 1994). Finally, anti-TNF antibody cA2 in an open-label phase | trial, the
the well-established genetic association of multiple sclerosis number of gadolinium-enhancing lesions, CSF cell counts
with HLA-DR2 can be at least partly explained by a and IgG index increased after each treatment (van Oosten
propensity of HLA-DR2+ T cells to produce increased et al, 1996). A phase Il trial of soluble dimeric TNF-R55
amounts of TNFa and lymphotoxin (Zippet al., 1995). coupled to a human IgGl Fc framework (Roche) has not
been followed by a phase Il trial.
Evidence.The different strategies for TNF inhibition In principle, the soluble receptor constructs generated by
include pharmacological inhibitors of TNF synthesis and/or  fusion of Ig Fc-region sequences to soluble TNF receptor
processing as well as biological inhibitors of TNF effects. have two major advantages over the soluble receptor, namely
The pharmacological inhibitors of TNF synthesis, thalidomide prolonged half-life and higher affinity (Heaney and Golde,
(Klausneret al., 1996) and pentoxifylline (Rieckmaret al., 1996). A potential disadvantage of these constructs is their
1996; van Oosteet al., 199@), were tested in pilot clinical binding to Fc receptors of antigen-presenting cells, which
trials in multiple sclerosis and other immunological diseasescould increase their immunogenicity. Conceivably, dimeric
The antidepressant rolipram, a selective inhibitor of  TNF-R could also be engineered by genetically linking two
phosphodiesterase type IV (Sinka al, 1995), has shown TNF-R domains via a linker peptide not related to Ig. Such
promising effects on EAE in rats and common marmoset agents would be expected to have a shorter half-life than the
monkeys (Genainet al, 199%; Sommeret al, 1995). Ig-containing TNF-R constructs. One strategy would be to
However, this agent is currently unavailable for clinical  transfect autologous iceNgro with the gene encoding
trials in multiple sclerosis. Other selective inhibitors of the short-range soluble TNF-R construct and to use the
type IV phospodiesterase are being developed for therapy. transfected cells as vehicles. To this end, the TNF-R-
Also linomide (quinoline-3-carboxamide), a synthetic transfected cells could be co-transfected with specific surface
immunomodulator currently being evaluated for relapsing— receptor(s) allowing them to home selectively to the target
remitting and progressive multiple sclerosis (Anderseal.,  tissue where the action of the soluble TNF-R is needed.
1996; Karussiset al, 1996), exerts part of its effects by
inhibition of TNF-a production (Gonzaloet al, 1993). Problems.Like other cytokine-based therapies, anti-TNF
Additional and possibly related effects of linomide include therapies are unselective. Therefore, unfavourable effects
inhibition of apoptotic cell death triggered via the Fas pathway  on physiological immune reactions, especially those which
(Redondcet al., 1996) and reduction of induced nitric oxide combat infections and tumours, cannot be excluded and must
synthase (Hortelan@t al., 1997). It is not known what even be anticipated. Like other cytokines, TNF has pleiotropic
mechanisms are responsible for the immunomodulatorgffectsin vitro and may have unpredicted effedts vivo.
effects of linomide seen in multiple sclerosis and EAE. Demonstration of safety and/or efficacy in animal tests does
A series of pyridinyl-imidazole compounds inhibit the not exclude unexpected side effects or other problems in
production of IL-1 and TNFx at the translational level (Lee patients. For example, dimeric p-75 TNF receptor coupled
et al, 1994). This class of cytokine inhibitors may provide to a human IgG1l Fc framework (Immunex) prevents death
new therapeutic candidates in the future (leteal., 1994). in animal models of bacteremia and endotoxinemia, but fails
A different group of agents aims at the processing ofto reduce (and may even increase) mortality in patients with
the TNF@ precursor, a 233-amino acid membrane-bound septic shock (Faslagr 1996).
precursor, into the mature, 157-amino acid cytokine. This Like interferons, biological anti-TNF reagents would be
process is dependent on matrix metalloproteinase enzymes expected to induce neutralizing antibodies. Fusion protein
(Chandleret al.,, 1997; Mos®t al,, 1997). Inhibitors of matrix  containing constant region domains of Ig (like the soluble
metalloproteinases are very potent inhibitors of TNF  TNF receptor constructs) could be particularly immunogenic,
processing (but not synthesiis) vitro (Gearinget al,, 1994;  because they would bind to the Fc receptors of antigen-
McGeeharet al., 1994; Mohleret al., 1994). presenting cells, thereby facilitating uptake and immunogenic
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presentation. Furthermore, a general note of caution shoul IFN-y
be made regarding immunotherapies with soluble cytokine _>{'L"T'2
: IL-4 @

receptors. In some cytokine systems, soluble receptors ¢ IL-10 l IFN-Y

anti-cytokine antibodies do not neutralize the circulating C}A

cytokine but merely prolong its half-life, thereby potentiating -

its effects (Bendtzeret al, 1995). Indeed, low levels of ’ > )ia

soluble TNF receptor appear to enhance TNF signalling\Pre®4"s°" PNy

perhaps by stabilizing the ligand, whereas higher con:

centrations inhibit TNF activity (Aderkat al., 1992). G}' L4
- IL-5
b 1o _’{ltifo

L . _ IL-2 IL-13
Cytokine-induced ‘immune deviation’ ]

‘ Atal ; ; .- cells maturate into THO cells. Under the positive or negative
deviate’ or shift the specirum of cytokines produced durlnginfluence of various cytokines, THO cells differentiate into TH1 or

an immune response by therapeutic application of regulatory; celis. SeeFig. 1 for overview of TH1 and TH2 cell
cytokines. The approach is based on an important, relativeljunctions. Note that the scheme is an oversimplification; in reality,
recent concept, postulating that there is a dichotomy in théhe situation is much more complicated. Human TH1 and TH2
population of CD4- T cells. These cells, which were formerly cells are generally less polarized in their cytokine spectrum than
simply referred to as ‘helper’ T cells, are now divided into &€ Murine TH cells. Fat arrows indicate differentiation pathways;
. thin arrows indicate positive or negative regulatory influences or

at least two major subsets, TH1 and TH2 cells (Del Pretgoyine secretion. IFN= 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 t
oversimplification, attempting to put order into the bewilder- stimulation conditions (Del Pretet al., 1994; Romagnani,
ing complexity of cytokine effects. However, the conceptis  1994; Paul and Seder, 1994; Seder and Paul, 1994; Mosmanr
central to an understanding not only of cytokine-based buaind Sad, 1996; Sornaseeal., 1996).
also of other immunotherapies. The characteristic cytokine products of TH1 and TH2 cells

According to the TH1/TH2 paradigm, TH1 cells act as are mutually inhibitory for the differentiation and effector
‘inflammatory’ T cells, which induce and directly participate  functions of the reciprocal phenotype (Fig. 7). For example,
in inflammatory (‘delayed-type hypersensitivity’) reactions interferony selectively inhibits the proliferation of TH2 cells,
and contribute to tissue injury. For example, the and IL-10 inhibits cytokine synthesis by TH1 cells. It is
encephalitogenic T-cell clones that are used for transfer ofikely that in vivo, cytokine-induced changes in the overall
EAE into normal recipient animals are always of the TH1 pattern of cytokine secretion are brought about by changes
type. In contrast, TH2 cells stimulate antibody production byboth at the population level and single cell level (Murphy
B cells and enhance eosinophil functions. In diseases liket al, 1996). For example, stimulation of human MBP-
EAE and multiple sclerosis in which TH1 cells are thoughtspecific THO-like cells with slightly modified antigenic
to play a pivotal role, therapeutic ‘immune deviation’ would peptides induced the production of3TGi#-these cells
aim to convert the dominant TH1 response against CN§Windhageret al,, 199%). If a lasting change of the cytokine
autoantigens into a TH2 response (Libletual.,, 1995). profile could be induced following optimally timed

In mice, TH1 and TH2 cells each produce a characteristi@pplication of regulatory cytokines, this would open new
and distinct spectrum of cytokines. TH1 cells secrete IL-2, possibilities for immunotherapy (Olsson, 16Ren&al.,
interferony and lymphotoxin, whereas TH2 cells produce 1996). Ideally, the modulating cytokine(s) would need to be
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
produce similar patterns, although the synthesis of IL-2, IL-permanent change in the balance between TH1 and TH2
6, IL-10 and IL-13 is apparently not as strongly restricted to cells. Furthermore, if the therapeutic cytokines could be
a single subset as in mouse T cells. Several other cytokinestrategically administered during an active phase of the
are secreted both by TH1 and TH2 cells, including IL-3, autoimmune reaction, immune deviation might selectively
TNF-a, granulocyte-macrophage colony-stimulating factoroccur in the autoreactive T cells, but not in resting T
(GM-CSF) and members of the chemokine families. T cells  cells of other specificity. Various approaches to achieve a
that produce both TH1 and TH2 cytokines are sometimegeneralized or antigen-specific immune deviation from TH1
referred to as ‘THO’ 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 agvidence. Application of recombinant murine IL-4
either TH1, TH2 or THO. Differences between cells in ameliorated the clinical signs of EAE in SJL mice injected
cytokine expression may represent distinct stable phenotypes, with MBP-specific T cells ¢Ralcke994). The treatment
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Table 2 Strategies for ‘immune deviation’ (modified from Liblatial., 1995)

(A) Generalized immune deviation away from TH1 cells:
Administration of IL-4, IL-10, or both
Use of agents against interfergror 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-B7
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

IL-4 treatment induces a population of MBP-specific TH2 could be detrimental to stimulate TH2 cells and antibody

cells that do invade the CNS but do not induce tissue damage production by immune deviation strategies, as was indee

(Rocken et al,, 1996). Preincubation of MBP-specific TH1 observed in a MOG-induced marmoset EAE model (Genain

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 (Nicholsoet al, 1995). Transforming growth factof

Protection could be adoptively transferred with TH2 cells

specific for the modified peptide ligand. In multiple sclerosisPrinciples.TGF{ is contained in platelets and is produced

patients, treatment with the phosphodiesterase inhibitoby many nucleated cells and tumours. TG#s exceedingly

pentoxyfylline reduced the expression of TH1-like cytokines pleiotropic and mediates far-ranging biological processes

in blood mononuclear cells, butincreased the expression of theelated not only to inflammation but also to development,

TH2-like cytokines IL-4 and IL-10 (Rieckmaret al., 1996). tissue repair and tumourigenesis. T&Eomes in three
isoforms, TGFB1, TGF{32 and TGFB3, in mammals (for

Problems. The idea of permanently ‘healing’ an review,seeStavnezer, 1995). The mature parts of the different

autoimmune disease by a short course of therapy is certainly ~ isoforms have 70-80% sequence identity.innvitnost

appealing, and immune deviation is not the only approactassays, the biological activity of the isoforms is similar.

aiming towards this goal, as will be discussed in later = However, there are differences in their potencies and some

sections. Thus far, there is little evidence that a selective anbiological activities. Each isoform is secreted in a latent form

lasting immune deviation can be achieved by a short course  that is activated extracellularly by proteolytic cleavage.

of therapeutic cytokines or other immunomodulatémsvitro Most cells express three types of T@Feceptors. One

experiments with human T cells indicate that the TH1  type of B@Eceptor (type Ill) binds TG but does not

phenotype induced with IL-12 is more stable than thetransmit signals. Signalling requires the formation of an

TH2 phenotype induced with IL-4 (Sornasee al., 1996), oligomeric complex consisting of T@&+receptors type |

indicating that it may be difficult to deviate from an and Il and TGF.

established, ongoing autoimmune reaction, especially from

TH1 to TH2. Furthermore, as indicated above, the TH1/TH2Evidence.A number of studies have demonstrated that

paradigm is presumably a gross oversimplification. It wouldTGF{3 has beneficial effects in EAE (Schluesener and Lider,

not be surprising if the ‘therapeutic’ application of TH2 1989; Jobnal., 1991; Kuruvillaet al., 1991; Rackest al.,

cytokines had unexpected (and undesirable) consequenc#891; Stevengt al., 1994; Fabryet al., 1995). Conversely,

not accounted for by the simple TH1/TH2 scheme. neutralizing antibody to flGEnhances the severity of

It is also important to note that the pathogeneticEAE (Johns and Sriram, 1993). Recombinant TgZFwas

mechanisms of multiple sclerosis involve different types of  tested in a phase | dose-escalation trial in multiple sclerosis

T cells, as well as macrophages, B cells and antibodiegatients.

Thus, it would be much too simplistic to consider multiple

sclerosis a disease exclusively mediated by TH1 cells. OfProblems.TGF{ is an exceedingly pleiotropic cytokine

the contrary, TH2 cells which support antibody production(Wahl, 1994). Its disease-limiting properties in autoimmune

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 apparen
defense against infectious pathogens. Furthermore, ovedo not possess receptor for IL-13 (Sornassal., 1996).
abundant systemic TGE-could induce widespread tissue
fibrosis and deposition of extracellular matrix (Wahl, 1994). Evidenceln SJL mice, the clinical signs of T-cell transfer
TGF{ is nephrotoxic. EAE could be suppressed by injection of exogenous IL-4
together with the encephalitogenic MBP-specific T cells,
although the number and distribution of infiltrating cells was
Interleukin-10 similar to that in nontreated controls (Raokeal., 1994). It
appears that IL-4 induced a population of MBP-specific

Principles.IL-10 is secreted by TH2 cells, macrophagesProtective TH2 cells gee section on “Cytokine-induced

and other immune cells (Moot al, 1993). It has multiple mmune deviation’). In Lewis rats, actively induced EAE
in vitro activities on different cell types. For example, IL-10 could be suppressed by injection of hamster ovary cells
Hansfected with human IL-13 (Cagtt al., 1994).

suppresses the production of proinflammatory cytokines an
mediators by macrophages and T cells, inhibits the expressi ) ) . ) .

of B7 and other costimulatory and adhesion m0|ecu|e35r0blems.1'hese are discussed in the section on ‘Cytokine-
by antigen-presenting cells, and reduces T-cell proliferativdnduced immune deviation’.

responses. Furthermore, IL-10 induces a long-term, antigen-

_srpsg;lf;c(éc?;i)(();tuglieig(;g;lveness (‘anergy’) in human-€D4 Interleukin-1 inhibitors

Conversely, IL-10 stimulates B-cell growth and Ig . . . . .
production. IL-10 promotes TH2 cell responses and is Frinciples. IL-1 is a major proinflammatory cytokine
central regulator of the balance between TH1 and TH2 cell@roduced by monocytes/ macrophages (Dinarello - and
(seesection on ‘Cytokine-mediated immune deviation’). The | "ompson, 1991; Arend, 1993). Two types of IL-1 (lb-1

IL-10 receptor, which is mostly expressed on immune cells,amd IL-18) have been described, which display similar

belongs to the same class as the interferon receptors activities. The production and action of IL-1 are regulated
by multiple control pathways, some of which are unique to

this cytokine (‘IL-1 system’; for reviewseeDinarello, 1996).
1994). In SJL mice, superantigen- and TNHnduced In add!t!on tq th_e two agonists, the ”"1_ system cc?n5|sts
of a specific activation system (IL-1 converting enzyme: ICE),

relapses of EAE could be prevented with IL-10 (Cesial, a receptor antagonist (IL-1 receptor antagonist) produced in
1995). In another study, however, IL-10 had no effect on, or b 9 P 9 P

even caused worsening of, chronic relapsing EAE induceé“fferent isoforms, and two (type 1 and 1) high affinity

i SILD mice by ictonof MBP-stimulated ymphocyes SR, The, Poogiel Sy o L 6 couter,
(Cannellaet al, 1996). A phase | study of recombinant y typ . y y

human IL-10 in healthy volunteers showed that a single jyoceurmng IL-1 receptor antagonist, which competitively binds

S 0 ; the IL-1 receptor without inducing signal transduction; (ii)
bolus mpc_:tlon of 1,10 or 2glkg IL-10 mdgced a transient soluble IL-1 receptors, which bind IL-1 and diminish the
neutrophilia, monocytosis and lymphopenia (Cherrsafél.,

1995). Mitogen-induced T-cell proliferation was transiemlyfree_co.ncentratlon of the soluble cy.toklne.z.thus hampering
X . its binding to the cell surface receptor; and (iii) the membrane-
suppressed, as was the production of the proinflammato

. X ssociated ‘decoy’ (type IlI) receptor, a nonsignalling molecule
cytokines TNFet and IL-13. whose function is to prevent the ligand from interacting with
Probl . . L the signal-transducing (type 1) receptor on the same cell.

roblems.As with other cytokines, thén vivo effects of - pecompinant 1L-1 receptor antagonist and soluble IL-1

IL-10 in multiple sclerosis.are uppredicFable (Cannelﬂaal.., receptor constructs would be reasonable candidates for
1996) and need to be investigated in carefully des'gne%munotherapy.

clinical studies.

EvidencelL-10 prevents EAE in Lewis rats (Rott al.,

EvidencelL-1 has been shown to enhance both actively
] induced and T-cell transfer EAE (Manng¢ al., 1987; Jacobs
Interleukin-4 and -13 et al, 1991). In contrast, soluble IL-1 receptor and IL-1
receptor antagonist suppress EAE (Jacstta., 1991; Martin
Principles.IL-4 and IL-13 are closely related (Paul and and Near, 1995).
Seder, 1994; Zurawski and De Vries, 1994). They both inhibit
the production of proinflammatory cytokines and chemokinedProblemsiL-1 provides an example for a complex cytokine
by monocytes and promote human B-cell proliferation andcircuit. Under normal conditions, the interactions between
activation. Like IL-10, these cytokines are produced by TH2  ¢Ldnd -1, IL-1 receptor antagonist, and type | and Il
cells (seesection on ‘Cytokine-induced immune deviation’). receptors must be delicately balanced. Therapeutic application
There is evidence that IL-4 and IL-13 share a common of any one of the inhibitory components could be expected
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to disturb this balance in a complicated way. For example, during clinical relapses, whereaa kihe-RANTES were

it has been shown that the inhibitory activity of the IL-1 synthesized by infiltrating leucocytes (Glabinskial., 1997).

receptor antagonist is enhancedvitro by soluble type I After immunization of SJL mice with PLP peptide,

receptor, but hindered by soluble type | receptor (Burgessecretion of MIP-&r (but not MIP-2 or MCP-1) related to

et al, 1995). This example shows that different types of  the formation of inflammatory infiltrates (Ketrgiyd995).

cytokine inhibitors can abolish each other’s effect. Animals could be protected and treated with a monoclonal
antibody against MIP-1. MIP-1 did not affect the activation
of encephalitogenic T cells nor their transfer potential (Karpus

Chemokines et al, 1995).

Principles. Chemokines are chemoattractant cytokines TOPIEMS.These are the same as for other nonselective
that direct the migration of leucocytes towards sites 0ftheraples. Th_eoretlcally, anti-chemokine theraples_ would
inflammation (Murphy, 1994; Bokoch, 1995; Furie and seem more suitable for treatment of acute exacerbations than

Randolph, 1995; Mackay, 1996). These molecules ard®' long-term therapy.
potential targets for therapy. The receptors of chemokines

are single-chain transmembrane molecules coupled to G

proteins. Some chemokine receptors are promiscuous i@)ther cytokines
ligand binding.

The chemokines are divided into three closely related | o )
polypeptide families, which display three highly conservedPrinciples. Table 1 indicates that many other cytokines
cysteine amino acid residues. The CXC chemokine familyand cytokine inhibitors may qualify as candidate targets or
has the first two amino-terminal cysteines separated by on@ediators of immunotherapy. Furthermore, it is likely that
nonconserved residue; the CC chemokine family has th&any more cytokines will be discovered in the future, many
first two amino-terminal cysteines in juxtaposition, and the©f which will be interesting for therapeutic applications.
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), macrophag inhibited with an antibody against IL-12, a potent inducer
inflammatory  protein  (MIP)-&, MIP-18, monocyte of interferony 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 interfergrinducible  with IL-2-like activity, acts as a potent chemoattractant for T

protein-10 (IP-10), and other members. An example of a Geells and appears to be a promising target for immunotherapy
chemokine is lymphotactin. Most CXC chemokines attractMcinneset al., 1996).

neutrophils, whereas most CC chemokines attract monocytes
and T cells. The CXC chemokines IL-8 and IP-10 also attrac
T cells. Furthermore, the CC chemokines MI&-and -13,
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 receptorsype |ist of novel anti-inflammatory drugs is ever growing. It
Compared with other cytokine-based therapies, antingwy includes such diverse agents as selective inhibitors of
chemokine therapies are in a relatively early stage otyclooxygenase-2; inhibitors and antagonists of leukotrienes;
development. selective inhibitors of inducible nitric oxide synthase;
complement inhibitors such as soluble complement receptor
Evidence The chemokines thought to be involved in the (CR) 1 (Piddlesdert al., 1994) and anti-CR 3 monoclonal
formation of inflammatory lesions in EAE and multiple antibodies (Huitingla al., 1993); inhibitors of matrix
sclerosis include IL-8, MCP-1, MIP, IP-10 and RANTES metalloproteinases; and many others. Therapy with high-
(Hulkower et al, 1993; Ransohofet al, 1993; Godiska  dose i.v. polyclonal Igs (Tazeleasl, 1997) could also be
et al., 1995; Karpuset al, 1995). In actively induced Lewis added, although the rationale for their use in multiple sclerosis
rat EAE, MCP-1 expression was detected at the onset is based more on their potential effect on remyelination than
of inflammation in lymphocytes and endothelial cells in their ill-defined immunomodulatory properties (Millet al.,
subarachnoid locations (Bermahal., 1996). After the onset 1986 Rodriguezet al., 1996). Some, but not all, of these
of clinical signs, MCP-1 expression was widely distributedagents can be considered as biotechnological products. Here,
in the spinal cord. In chronic relapsing EAE, MCP-1, IP-10, only the matrix metalloproteinases and their inhibitors will
RANTES and MIP-2 (KC) were upregulated in astrocytesbe discussed in detail.

Problems.These are the same as for other cytokine-based
therapies.
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Inhibitors of matrix metalloproteinases Release of L-selectin is thought to allow for a rapid
detachment of leucocytes from the endothelial surface and

Principles.Matrix metalloproteinases (MMPSs) are a family to facilitate entry into subendothelial tissues (Benrmtal.,
of zinc-containing endo-proteinases that digest specific 1996). From all these considerations it is clear that inhibition
components of the extracellular matrix, thus contributing toof MMPs or of the enzymes that activate MMP, e.g. tissue
matrix equilibrium and structural integrity (Goetsit al., type plasminogen activator (Cuznet al, 1996), could
1996). The MMPs can be categorized into three majolbe advantageous in the treatment of autoimmune diseases
functional groups: (i) the interstitial collagenases (MMP-1  and cancer.
and -8 which preferentially cleave collagen types I, Il, and
11); (ii) the stromelysins (MMP-3, -10, and -11 which cleave Evidencelmmunocytochemical analysis shows that in the
laminin); and (iii) the gelatinases (MMP-2 and -9 which normal CNS, MMPs are mainly expressed in perivascular
cleave type IV collagen). and parenchymal microglia (Maeda and Sobel, 1996; Cuzner
Owing to their potentially hazardous effects, MMPs areet al,, 1996). Most CNS microvessel endothelial cells express
strictly regulated at different levels. At the transcriptional MMP-3 and -9 but not MMP-1 or -2. Large numbers of
level, MMP expression is controlled by various cytokinesMMP-positive macrophages are present in acute multiple
that act through positive or negative regulatory elements of  sclerosis lesions and in the active edges of chronic plagues
the MMP genes. For example, the TH2 cytokines IL-4 andMMP-2-, -3- and -9-positive astrocytes can be detected in
IL-10 inhibit the secretion of MMP by macrophages. Note acute and chronic multiple sclerosis lesions (€uaher
that conversely, MMPs cleave the membrane-bound form 01996; Maeda and Sobel, 1996). These data indicate that
TNF-a, thus facilitating the secretion of this proinflammatory ~ microglia-derived MMPs mediate turnover of the CNS
cytokine by macrophages and T cells (Goedtlal, 1996; extracellular matrix under normal conditions, whereas
Chandleret al,, 1997; Mosset al, 1997). MMP activity is  different cell populations express MMPs in sites of CNS
further regulated at the post-transcriptional level byinjury.
proteolytic activation of the latent proenzymes and by In vitro, inhibition of MMP activity suppressed the
interaction with specific tissue inhibitors of MMPs (TIMPs), migration of human T-cell lymphoblastoma cells through a
which bind and inactivate MMPs. Again, the expression = model basement membranet (Xia 1996). In different
and secretion of MMP-activating enzymes and TIMPs isanimal models of autoimmunity, MMP inhibitors significantly
influenced by different cytokines. decrease oedema and inflammatory tissue damage, suggesting
Dysregulation of MMP production and activation is thought possible therapeutic benefits (for reviesge Goetzl et al.,
to contribute to tissue injury in inflammatory and neoplastic 1996). A peptide (hydroxamate) MMP inhibitor prevented
diseases (Goetzlet al, 1996). Macrophages, T cells, or reversed PLP-induced EAE in mice (Gijbelsal.,, 1994).
eosinophils and neutrophils all produce MMPs with cell-  Reversal of EAE appeared to be mediated mainly by an
specific patterns. The MMPs secreted by macrophages (e.gffect on the blood—brain barrier, since the degree of
MMP-1, -2, -3, -9, -12 and matrilysin) contribute substantially =~ demyelination and inflammation was only slightly reduced
to the degradation, removal and remodelling of connectiven animals treated after the onset of clinical signs. Similar
tissues. The production of these MMPs by macrophages is  effects of treatment with a hydroxamate MMP inhibitor were
enhanced by surface determinants on activated T cells armbserved in Lewis rat EAE (Hewsaat al., 1995). Inhibition
suppressed by IL-4, IL-10, and in some instances by  of MMP by oral treatmentbwiticillamine suppressed
interferony. murine EAE (Norgaet al,, 1995). Inhibition of gelatinase
The gelatinase-type MMPs produced by T cells (MMP-2  secretion and migration of human T cells appears to one the
and -9) serve principally to facilitate T-cell migration through many immungmodulatory effects of interfer@n{Leppert
basement membrane and other matrix structures. T-ce#it al, 1996; Stwe 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,
endothelial cells via vascular cell adhesion molecule-lall general precautions regarding nonselective treatments also
(VCAM-1) or to basement membrane matrix a integrins. apply here. The specific adverse effects of different MMP
In addition to MMPs, T cells and macrophages secretenhibitors will depend on their detailed chemical and
heparanase, an enzyme which cleaves heparan sulfate pharmacological properties. For example, certain MMF
moieties of the extracellular matrix and thus also facilitatesnhibitors may block not only TNF secretion but also TNF-
cell movement and migration through extravascular tissues R cleavage (Wikiaals 1996). Conceivably, biological
(Gilatet al,, 1996). Furthermore, as mentionend in the sectiolMMP inhibitors could be developed that selectively target
on TNF-a, MMPs facilitate the secretion of TN&-in both those MMPs that are preferentially involved in a given
T cells and macrophages by cleavage of the membranémmunopathological reaction. This is an active area of
bound form of this proinflammatory cytokine (Chandler  pharmacological research with possible applications not only
et al, 1997). In addition, MMPs facilitate shedding of L- in multiple sclerosis but also in rheumatoid arthritis and other
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
as a long-term treatment, or only during acute episodes. costimulatory signals to lymphocytes. Therefore, the classes
of ‘adhesion molecules’ and ‘costimulatory molecules’
overlap.

Therapies directed at adhesion. costimulation Based on their structure, adhesion molecules can be
or leucocyte-differentiation molécules " classified into several groups, including cadherins, selectins,

The physical interactionf@ T cell with an antigen-presenting integrins and 1g superfamily members (Table 3). Cadherins

o . . establish molecular links beween adjacent cells by forming
cell occurs at a specialized zone of transient intercellular’;

membrane contact. In some respect, this type of ceII—ceﬁ'pper'“ke structures at adherens junctions. They are linked

contact can be compared with the synaptic contact of neurons the cytoskeleton through the catenins. These molecules,

(Paul and Seder, 1994). At the ‘immunological synapse’,W.hICh play a key role in embryogenesis, will not be
discussed further.

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

factors (mostly cytokines) and by membrane-bound ligands . . i
that engage their complementary receptors (Fig. 4) Thgndothehal cells. Their common structural component is an
L amino-terminal lectin-binding domain. Accordingly, selectins

central element that confers specificity to the interaction isb. . . ; .
. : - ind to glycosylated and sialylated ligands with a rapid
the trimolecular complex of an antigen-specific T-cell receptor

. X . association and dissociation constant. Selectins mediate
and an antigenic peptide bound to an MHC molecule. Thi R .
. e S ucocyte ‘rolling’ along the endothelial cell wall and are
antigen-specific interaction is supported and strengthene . I o
nvolved in the initial localization of leucocytes to

by multiple interactions between various adhesion an . .
. . Inflammatory sites. There, the slowed, rolling leucocytes
costimulatory molecules and their counter-receptors.,

Depending on the strength of adhesion and on the combin ¥ exposed to chemoattractants and cytokines, leading to

. : . . eucocyte activation, upregulation of additional adhesion
effects of the different costimulatory signals, an integrate o
. . . - molecules, adherence to the endothelial lining, and eventually
response is generated in the ‘postsynaptic’ T cell, and usuall

. ) - . . : ¥|apede3|s 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 synaps

. ) , . Napsg noncovalently bounda and [ subunits. Different
can generate long-lasting (‘memory’) changes in antigen-

specific T cells in addition to a short-term response. combinations of subunits form functionally different

The exact working of the immunological synapse is farreceptors. Integrins bind to a variety of extracellular matrix

from understood. Clearly, however, this structure has t roteins (e.g. fibronectin, vitronectin, laminin, collagen) and

. . .10 receptors of the Ig superfamily. A common ligand binding
be the central target for many selective and semiselective . o . X
. . : ; 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 ot N - . . .
found, for example, in fibronectin. ‘Peptidomimetic’ drugs

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

section. Of these different approaches, therapies directe L T
. . thrombotic disease and could also be useful for inhibiting
against T-cell costimulatory molecules appear to be the mo

attractive, because they would allow for relatively selective éucocyte binding in inflammatory diseases and metastatic

) . .- : , 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( ’ P y Imp 9

. U . . . with VCAM-1 and fibronectin in inflammatory reactions.
discussed in this section have multiple functions so that th : L . . .

S eptidomimetics 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
i 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-
Principles. Adhesion molecules are cell surface proteinscell activation (Fig. 4). VLA-4, also found on activated
that participate in leucocyte circulation, homing to tissues leucocytes, adheres to fibronectin VCAM-1, an adhesion
and inflammatory sites, and in the transendothelial migrationreceptor of the Ig family, is expressed on vascular endothelial
Interaction of these molecules with their specific ligands  cells. Integrins are known to exist in a low-affinity state and
mediates adherence of leucocytes to other cells, vasculane or several high-affinity (activated) states. Migration
endothelium and the extracellular matrix (for reviewge of leucocytes across the vascular endothelium is probably
Hemler, 1990; Rainet al,, 1990; Ruoslahti, 1991; Springer, mediated by fluctuation between these states.
1994; Hogg and Berlin, 1995; Imhof and Dunon, 1995; The adhesion molecules of the Ig superfamily have Ig-like
Schwartz et al, 1995; McMurray, 1996). In particular, amino acid domains. They include LFA-2 (CD2), LFA-3,
adhesion molecules participate in essentially all cellular ICAM-1, ICAM-2, and VCAM-1. ICAM-1 and VCAM-1
interactions between immune cells. Many of these moleculeare the principal counter-receptors of LFA-1 and VLA-4,
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Table 3 Cell adhesion molecules

Name

Ligand

Expression (constitutive or induced)

Adhesion receptors of the selectin family
L-selectin
E-selectin
P-selectin
Mucin-like vascular addressins
CD34
GlyCAM-1
MAdCAM-1
Adhesion receptors of the integrin family
a4Pl (VLA-4)
a5p1 (VLA-5)
a6l (VLA-6)
aLp2 (LFA-1, CD11a/CD18)
aMp2 (MAC-1, CR3, CD11b/CD18)
axp2 (CR4, p150.95, CD11c/CD18)
a4p7
Adhesion receptors of the Ig superfamily
ICAM-1 (CD54)
ICAM-2 (CD102)
ICAM-3 (CD50)
VCAM (CD106)
LFA-2 (CD2)
LFA-3 (CD58)

Glycosylated mucinlike molecules
Sialylated mucinlike molecules
P-selectin glycoprotein ligand 1

L-selectin
L-selectin
L-selectin, VLA-4

VCAM, FN (CS-1), PP-HEV
FN (RGD)
LM
ICAM-1, ICAM-2
ICAM-1, iC3b, FN, FX
FN, iC3b
MAdCAM-1, VCAM

alLp2, amMB2
alp2

alLp2

a4p31

LFA-3

CD2 (LFA-2)

T, M, PMN
activated EC
P, activated EC

EC
High endothelial venules
Mucosal lymphoid tissue venules

T, B
T, EC, epithelium, P
T, P
Leucocytes
M, PMN
M
B, T

activated EC, Lymphocytes
resting EC

APC

activated EC

T

Lymphocytes, APC

APC = antigen-presenting cell; CANM cell adhesion molecule; CR complement receptor; EE endothelial cell; FN= fibronectin;
HEV = high endothelial venule; ICAM= intercellular adhesion molecule; LFA lymphocyte-function associated antigen; L
laminin; M = monocyte/macrophage; P platelet; PMN= polymorphonuclear leucocyte; PP Peyer’s plague; VCAM= vascular cell

adhesion molecule; VLA= very late antigen.

respectively (Table 3). ICAM-1 can be induced on a wide molecules, which could competitively bind to ligands or
variety of cells. Cytokine stimulation of endothelial cells counter-receptors.
increases leucocyte adhesion primarily through increased Clearly, an understanding of cell adhesion is important for
ICAM-1 expression, which promotes adherence of LFA-1-clininal applications, and cell adhesion molecules are potential
positive leucocytes to inflammatory sites. VLA-4/VCAM-1  targets for immunotherapy. The principal validity of this
adhesion may be primarily responsible for prolonged cellapproach has been demonstrated in experimental models of
adhesion to endothelium at inflammatory sites. An important human disease and in pilot clinical trials. Most strategies of
feature of integrins is that they exist in different targeting adhesion molecules rely on monoclonal antibodies
conformational states; an activated cell can transmit a signal against adhesion molecules or recombinantly expresse
from its cytoplasm that modifies the conformation of the soluble adhesion receptors. An additional approach is to
extracellular domains of integrins on the cell surface, design small peptide and nonpeptide inhibitors of adhesion
increasing the affinity of the integrins for their ligands (‘inside molecules, such as, for example, RGD-peptide inhibitors of
out signalling’). integrinsgeeabove) 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
expression of adhesion molecules. Differential expressiomdhesion molecules inthe CNS in EAE and multiple sclerosis,
and distribution of adhesion molecules determines homing especially in and around microvessels, pointing to an
of leucocytes to organs and sites of inflammation. Cytokinesmportant immunopathogenetic role of these molecules (for
have a pivotal role in the regulation of adhesion molecule reviegsRaine et al, 1990; Crosset al., 1991; Fabry
expression. For example, the proinflammatory cytokinest al.,, 1994; Raine, 1994). As expected, inflammatory cells in
TNF-a, interferony, IL-1 and IL-6 increase the expression  multiple sclerosis lesions express various adhesion molecules,
of many adhesion molecules. In addition to cytokines, manyonsistent with their active role in the inflammatory process.
other soluble factors influence leucocyte chemotaxis, Elevated levels of circulating adhesion molecules have also
adhesion and accumulation at inflammatory sites. Thesbeen observed, but their value as indicators of disease activity
factors include chemoattractants and leucocyte activators is limited (for res@svdartung et al., 1995). Raised
such as endotoxin, complement components, leukotrigne Bconcentrations of soluble E-selectin were described in patients
histamine, thrombin, and chemokines. Adhesion interactions  with primary progressive but not relapsing—remitting multiple
are potentially further regulated by soluble cell adhesiorsclerosis (Giovannoret al., 1996).
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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
a single intraperitoneal injection of a monoclonal antibodywidely distributed adhesion receptors are less attractive targets
directed againsti4f1 integrin (Yednocket al, 1992). It is  for immunotherapy than are the costimulatory molecules
thought that the antibody, which was administered 2 dayselectively expressed at the ‘immunological synapsee(
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 (Yednoekal.,, 1992). Indeed,
surface expression af4 integrin by CD4 T cells has been Costimulatory molecules: the CD28/CTLA-4-B7-
shown to be required for their entry into brain parenchymal/B7-2 and CD40—gp39 systems
(Baronet al, 1993). In guinea pigs, actively induced EAE
was prevented and reversed with a monoclonal antibodfPrinciples.in general, T and B cells require two distinct
againsii4 integrin (Kentet al.,, 1995). An alternative strategy types of signal for effective activation. One signal originates
would be to use soluble adhesion receptors, for example  from the ligation of the T-cell receptor complex and its
soluble recombinant VCAM-Ig fusion protein, rather than coreceptors (CD4 and CD8) to an antigenic peptide bound
antibodies. to the presenting MHC molecule (trimolecular complex). The
Monoclonal antibody against ICAM-1 suppressed MBP-second signal is dependent on either soluble factors such as
induced EAE in Lewis rats but had only a minor effect IL-2, or the ligation of cell surface molecules that provide
in the adoptive T-cell transfer model, indicating that theessential costimulatory signals complementary to T-cell
monoclonal antibody acted mainly on the induction phase receptor engagement (Fig. 4). Two important costimulatory
of the immune response and to a lesser extent, on thpathways, the CD28/CTLA-4 —B7-1/B7-2 and the CD40-
transendothelial migration of T cells (Archelesal., 1993). gp39 system, are described in this section. Growing evidence
On the other hand, recombinant soluble ICAM-1 inhibitedindicates that interfering with these costimulatory signals
lymphocyte attachment to cultured cerebral endothelial cells, causes negative signalling of the antigen-activated T cells anc
indicating that sICAM-1 might be a candidate agent forresults in T-cell ‘anergy’ (antigen-specific nonresponsiveness;
therapy (Rieckmanat al., 1995). Treatment with monoclonal for revieseeSchwartz, 1996).
antibodies against the counter-receptors of ICAM-1, e B7-1 and B7-2 are both members of the Ig superfamily
integrins LFA-1 and the MAC-1 adhesion moleculse¢ and act as counter-receptors for CD28 and CTLA-4
Table 3), delayed the onset, and diminished the severity, afLenschowet al, 1996). B7-1 is expressed on activated B
T-cell transfer EAE in mice (Gordort al, 1995). In a  cells and T cells, and also on a variety of antigen-presenting
different study, however, EAE was augmented by anothecells including dendritic cells and activated monocytes. High
anti-LFA monoclonal antibody (Welsét al., 1993). levels of B7-2 are constitutively expressed on dendritic cells
In patients with rheumatoid arthritis, a 5-day course ofand monocytes, and are rapidly induced by activation on B
treatment with mouse anti-ICAM-1 monoclonal antibody  cells and T cells (Lens&tak, 1996). On B cells, B7-1
reduced T-cell reactivity (as measuredvitro) for several and B7-2-expression is regulated by a variety of cell surface
months (Davigt al.,, 1995). This would indicate that treatment glycoproteins, including signalling through CDA40.
with anti-ICAM antibodies not only affects T-cell migration Furthermore, B7—1 and B7-2 are regulated by cytokines. For
but also T-cell activation through the ‘immunological example, IL-4 and interfgramcrease the expression of
synapse’, leading to more lasting changes in T-cell reactivityB7. In contrast, IL-10 downregulates B7 expression,
Monoclonal antibody directed against CD2 suppressed or  indicating that the immunosuppressive properties of I1L-10
ameliorated both actively induced- and T-cell transfer-EAEmay, in part, be mediated by its regulation of the CD28/
in Lewis rats (Junget al, 1995). Because antigen-induced CTLA-4 ligands (Lenscabeal., 1996).
activation of the T cells was not inhibited, the therapeutic CD28 is constitutively expressed on the majority of human
effect was apparently brought about by inhibition of T-cell T cells. Expression is increased following T-cell activation.
migration into the CNS (Jungt al., 1995). In contrast, CTLA-4 is not constitutively expressed, but
induced after T-cell activation. Both CD28 and CTLA-4 exist
ProblemsBy definition, anti-adhesion therapies are nonse-mainly as disulphide-linked homodimeric glycoproteins. In
lective. Effective anti-adhesion agents are likely to affect addition, the two molecules are likely to exist in multiple
leucocyte migration in general and could thus have undesireidoforms (Lenschovet al., 1996). CD28 signalling facilitates
effects in situations where a strong inflammatory reaction is  the initiation of T-cell responses, prevents apoptosis and
needed. Furthermore, therapeutic manipulation of adhesiomelps to sustain T-cell proliferation. Furthermore, B7/CD28
molecules could affect important ‘nonimmunological’ tissue plays a fundamental role in the early development and
reactions such as wound repair, haemostasis and fertilitgifferentiation of both TH1 and TH2 cells; in the absence of
Indeed, much research activity in this area of pharmacology = CD28 signalling, naive T cells are biased towards the TH1
is related to angiogenesis, cancer, thromboembolic disordetgpe. There is evidence for a differential effect of B7—1 and
and atherosclerosis. This is not surprising since many of  B7-2 in that B7—1 and B7-2 seem to control TH1 and TH2
the adhesion receptors listed in Table 3 are expressed atevelopment, respectively (Lenschawal., 1996).
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The precise function of CTLA-4 is still controversial. with interferg(Satohet al., 1995; Shrikant and Benveniste,
CTLA-4 has a higher affinity for B7—1 and B7-2 than CD28. 1996). In acute multiple sclerosis plaques, there is increased
Early studies indicated that CTLA-4 plays a similar role  expression of B7-1 (CD80), predominantly in perivenular
as CD28 in the regulation of T-cell responses. Howeverjnflammatory lymphocytes, and of B7-2 (CD86), pre-
more recent studies suggest that CTLA-4 acts as a  dominantly in microglia and macrophages, pointing to an
downregulatory molecule in T-cell activation. Thus, underimportant role of the B7—CD28 system in the local activation
normal circumstances, the CD28/B7 system will serve to of T cells in CNS lesions (Wilkaals 1994; De Simone
both upregulate and downregulate immune responses. Amst al, 1995; Windhagerrt al., 199%).
disturbance in this delicate balance may dysregulate the Possibilities for therapeutic manipulation of the CD28-B7
immune response. pathway have received much attention. Targeting this pathway

A second important costimulatory pathway is mediated byin vivo may represent a novel method of immunosuppression
interaction of CD40 with its ligand gp39 (also referred to asin which only the antigen-specific T cells are affected
CD40-L) (Fig. 4) (Foyet al, 1996). CD40 is a member of  (made more tolerant), whilst the majority of T cells are not
the TNF receptor family. Its distribution was originally influenced. One of the most attractive features of this approach
thought to be restricted to B cells and dendritic cells, but  is that, at least theoretically, permanent antigen-specific
more recently it has been shown to be expressed on othéolerance could be achieved by a short course of treatment
cells including macrophages, endothelial cells and thymic (Lensciml, 1996).
epithelial cells. The ligand of CD40, gp39, is structurally Most experimental therapies have relied either on anti-B7
related to TNFe and lymphotoxin. Like TNF, gp39 formsa  monoclonal antibody or on a CTLA4-lg fusion protein.
trimer capable of binding, and thereby cross-linking, threeTherapy with anti-B7-1 (but not anti-B7—2) monoclonal
CD40 molecules. It is expressed on several cell types, antibody blocked clinical relapses, ameliorated CNS patho-
including activated T cells, basophils and eosinophils (Foylogy, and blocked epitope spreading in relapsing murine EAE
et al., 1996). induced with PLP peptide (Millet al,, 199%). Treatment

CD40—gp39 interactions play a pivotal role in expansionwith anti-B7—1 predominantly induced TH2 T-cell clones,
and differentiation of resting B cells. Cross-linking of surface  which prevented induction of EAE and abrogated established
CD40 is an extremely effective means to prevent apoptosidisease when transferred into PLP-immunized mice (Kuchroo
of B cells in germinal centres. Stimulation by gp39 is alsoetal., 1995). Administration of anti-IL-4 monoclonal antibody
critical for B cells to express high levels of costimulatory abolished the protective effect of anti-B7—1 antibody. Taken
molecules and to mature to ‘competent’ antigen-presenting together, these results indicate that treatment with anti-B7
cells. Once matured, the B cells can reciprocally trigger Tantibodies differentially influences the development of TH1
cells via costimulatory molecules to maximize the signalling and TH2 cells, thereby altering the course of autoimmune
of T-cell growth and lymphokine production. In addition to disease.
their prominent effects on B cells, CD40-gp39 interactions Administering cytotoxic T-lymphocyte adhesion protein
are thought to participate in negative thymic selection of T(CTLA)-4lg to donor mice, or durindgn vitro activation of
cells (Foyet al., 1996). Furthermore, CD40—-gp 39 interactions MBP-specific T cells, reduced the clinical severity of adopt-
seem to play a central role not only in host defense but alsorely transferred chronic relapsing EAE (Perghal., 1995).
in the regulation of T-cell responses and in peripheral T-cell In contrast, after the transfer of MBP-activated T cells,
tolerance (Grewal and Flavell, 1996; Noelle, 1996). This hadreatment of recipient animals with CTLA-4lg had no effect.
been suggested by experiments with a model of allograft In actively induced EAE, systemic administration of CTLA-
rejection in which transplantation tolerance could be inducedtlg suppressed clinical disease (Cressal., 1995; Khoury
by the coadministration of allogeneic B cells and anti-gp39et al, 1995; Arima et al, 1996; Perrinet al, 1996).
antibody. These results indicate that antigens displayed on Bnmunohistological studies showed that CTLA-41g therapy
cells are tolerogenic in the absence of a CD40-mediated  reduced expression of TH1- (but not TH2)-type cytokines in
costimulatory signal. the CNS, indicating that blocking the CD28-B7 pathway

CD40L-deficient mice that carried a transgenic T-cell causes immune deviation from TH1 to TH2 (Kdicalry
receptor specific for MBP failed to develop EAE after priming 1995). In a rat model of cardiac allotransplantation, combined
with antigen (Grewakt al., 1996). When these mice were treatment with CTLA-4lg and anti-CD4 antibody induced
provided with B7.1 antigen-presenting cells, the transgenic permanent tolerance, suggesting that an appropriate combina-

T cells were stimulated to produce interferpand induce  tion therapy targeted against different molecules of the
EAE, demonstrating that CD40L is required to induceimmunological synapse can be very effective (Yin and
costimulatory activity on antigen-presenting cells iiovivo ~ Fathman, 1995). Similarly, combined treatment with CTLA-
activation of CD4+ T cells. 4lg and anti-gp39 monoclonal antibody resulted in long-term
acceptance of skin and cardiac allografts in mice (Larsen
Evidence.B7-2 (CD86) is constitutively expressed in et al, 1996). Systemic injection of antigen-presenting cells
cultured human microglia cells (but not astrocytes), and B-  treategivowith an encephalitogenic MBP peptide and
7-1 (CD80) can be induced in microglia (but not astrocytes\CTLA4-lg (but not CTLA4-lg alone) protected rats from
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clinical EAE, indicating thatex vivo blockade of CD28- theoretically inhibit both T and B-cell responses. Special
B7-1 leads to the generation of (presumably TH2) regulatorgaution is warranted since CD40 is expressed not only on
cells (Khouryet al., 1996). antigen-presenting cells but also on other cells including

Administering anti-B7 antibodies or CTLA-4 fusion endothelial cells. Therefore, anti-CD40 antibodies would be
protein are not the only ways to interfere with costimulatory =~ expected to bind to endothelial cells in many tissues, with
signals in T cells. For example, application of antibodyunpredictable adverse consequences. For example, cytokine-
against EPR-1 (effector cell protease receptor-1), a cell- stimulated human monocytes and endothelial cells were
membrane receptor involved in signal transduction, inhibitssensitized to the cytotoxic effects of an anti-CD40
protease-dependent mechanisms of lymphocyte costimulation immunotoxin (Fraetistp 1996). Thus, anti-CD40-L
(Duchosalet al, 1996). The role of EPR-1 in immuno- antibodies or soluble CD40 ligand may be more promising
regulation identifies this receptor molecule as a potential candidates for therapy. These agents could be combined witt
target for therapeutic immunosuppression. CTLA-4lg for more complete immunosuppression.

Problems.The relative roles played by the different co-

stimulatory molecules during an immune response (and hendeeucocyte-differentiation molecules

the effects of treatment) are likely to depend on a variety of

factors, including the nature of the antigen-presenting celPrinciples. The term ‘differentiation’ molecule is purely

expressing the B7 molecules, the affinity of the B7 moleculeoperational, indicating that the pattern of expression of

for CD28 or CTLA-4, the cytokine milieu, and the levels of  these molecules can help to distinguish between the differ-

B7-1 and B7-2 expression. Furthermore, certain antibodiesnt maturational stages of a cell. Clearly, the various

may have a stimulatory rather than ‘blocking’ effect on their  differentiation molecules have functions other than serving

target receptor. For example, both anti-B7-1 monoclonahs labels for developmental stage. Most therapies targeted

antibody (Lenschovet al., 1996) and anti-B7—2 monoclonal against these differentiation ‘markers’ aim at the depletion

antibody (Kuchrocet al, 1995) may exacerbate rather thanor functional inactivation of those cells that carry the

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. FoEvidence. Monoclonal antibodies against T-cell differ-

example, co-injection of anti-B7-1 and anti-B7—2 monoclonalentiation molecules have been used for immunosuppressive

antibody induced marked exacerbation of actively induced treatment of transplantation rejection and various autoimmune

EAE in mice, although in this system, injection of either diseases, including multiple sclerosis. Early phase | studies

antibody alone had a beneficial (anti-B7—1) or neutral (anti- in multiple sclerosis showed that anti-T-cell monoclonal

B7-2) effect (Perriret al., 1996). antibody infusions suppressetvitro measures of the human
Another important factor is the timing of treatment. For ~ immune response (Hafleal, 1988). With repeated

example, B7-2 appears to play a critical role prior toinfusions, human anti-mouse antibodies were found in the

antigen exposure (e.g. transplantation). In contrast, B7-1 circulation. Anti-CD3 infusions were associated with

plays an important role in the control of the immune responseignificant toxicity (Weinshenkeat al., 1991). An open trial of

after antigen exposure (e.g. chronic autoimmune disease) amouse-human chimeric anti-CD4 monoclonal antibody, cM-

(Lenschowet al., 1996). In EAE, a single injection of CTLA- T412, induced a long-lasting reduction of circulating Cb4

41g suppressed disease, while multiple injections resulted in T cells without major side effects (Lénddeyi994). A

enhanced disease (Raadteal,, 1995). This is consistent with controlled clinical trial of the same monoclonal antibody was

an essential timing requirement for the coordinated interaction essentially negative (van ©bsien 199@). Patients

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

tory molecules once again illustrates an important generghat was sustained for over 1 year (CD52 is expressed on all

principle, namely that the manipulation of any one component  lymphocytes and some monocytes) @latedi996). In

of a complex functional network may produce unpredictedthis study, antibody infusion was often accompanied by

overall effects, especiallyn vivo. CTLA-4 seems to be a  significant clinical exacerbation, which correlated with

major negative regulator of (auto)immune T-cell function.increased levels of proinflammatory cytokines.

This explains, for example, why anti-CTLA-4 antibodies or CD4 and CD52 are examples of widely expressed leucocyte

F(ab) antibody fragments accelerate and exacerbate relapdiferentiation antigens. Clearly, the more restricted the

ing—remitting EAE mediated by T cells specific for peptide  expression of a target molecule is, the greater the chances

139-151 of PLP in SJL/J mice (Karandikat al., 1996; are that immunotherapy has a selective effect. For example,

Hurwitz et al, 1997). The immunosuppressive effects of = OX-40 is a surface molecule exclusively expressed on

soluble CTLA-4lg are presumably explained by inhibition activated CD4 T cells, usually<1% of peripheral CD4

of (stimulatory) interactions between B7 and CD28. T cells. This protein is selectively upregulated, e.g. on MBP-
Therapies targeted against CD40 or CD40-L mayspecific T cells, at the site of inflammation during onset of
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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 af-amino acid peptides (Jamesenhal.,
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 reversgFig. 4). Therefore, the TMC has long been considered as
synthesis and change in chiralifjhe aim of this approach the ultimate target for highly selective, antigen-specific

(Jamesoret al, 1994) is to generate a protease-resistant copy of . ) .
the peptide consisting of threeamino acids left). The peptide immunotherapy (Hohlfeld, 1989; Wraitet al, 1989). In

consisting of theo forms of the same amino acids, arranged in ~ Principle, each component of the TMC can be targeted.
the same sequence, represents a mirror image of original peptideThe MHC molecule could be blocked by anti-MHC

(middlg. However, the peptide consisting of the samamino antibodies or ‘blocking peptides’, the antigen (or antigenic
acids in reversed orderight) represents an exact copy of the ~ ,aniide) could be applied in such a way that the autoreactive
original peptide. This can be demonstrated by rotating the peptid cells are inhibited rather than stimulated. and the T-
in the paper planesgetext for details). > o
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 firsM ; : T it
: . ajor histocompatibility complex inhibitors
day of disease onset (Weinbezgal.,, 1996). J P y P
Monoclonal antibodies are not the only therapeutic agents . . ) ) ) .
for targeting leucocyte differentiation antigens. For example PTinCiples.Many autoimmune diseases are associated with

EAE was inhibited with a small synthetic peptide analoguecertain MHC alleles. Therefore, attempts have been made to
of CD4, which was designed by molecular modelling of theinterfere with the onset of such diseases by inhibiting the T-
CD4 protein surface (Jamesat al, 1994: Mariniet al,  Cell populations that recognize antigens in the context of
1996). In contrast to naturally occurring proteins, the syntheti¢hese particular MHC molecules. Both anti-MHC antibodies
peptide consisted ob-amino acids. It was modelled by and MHC-binding ‘competitor’ peptides have been used for
reverting the sequence of a critical ‘hairpin loop’ region of this purpose. It should be noted, however, that the results of
the CD4 molecule. The combined effect of reverse synthesi§ome of the early experiments may have been misinterpreted,
and change in chirality is that the synthetic peptide represen@nd that the concept of ‘blocking peptides’ is probably an
an identical copy of its naturally occurring counterpart (Fig.Oversimplification (Vaysburet al, 1995).
8). Since virtually all proteases cleave peptide bonds between
L-amino acids, the synthetic peptide is resistant to proteolysigEvidence. Experimental autoimmune diseases including
Further potential advantages of this approach are that thEAE have been treated or prevented with antibodies directed
synthetic peptide showed little immunogenicity and thatagainst the MHC molecule presenting the autoantigen
CD4+ 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 apparentlytlass Il molecules and autoantigenic peptides (Ahagoal.,
did not inhibit the CD4-MHC class Il 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 (Jamesoml., 1994). et al,, 1990; Waubermt al., 1994; Gautam, 1995), have been
used for blocking the binding site of those class Il molecules
ProblemsMonoclonal antibodies against widely distributed that are associated with autoimmune diseases, thus reducing
leucocyte surface determinants are unlikely to find a major  their capacity to bind autoantigen (for smedéwdorini
place in the immunotherapy of multiple sclerosis, owing toet al., 1993). Vaccination with peptides from MHC class
their side effects, immunogenicity and lack of selectivity. Itis, Il beta chain hypervariable region causes allele-specific
however, conceivable that certain combinations of antibodiesuppression of EAE, possibly due to the generation of
might induce a lasting state of self-tolerance in T cells, auto-anti-MHC class Il antibodies that interfere with T-cell
provided they are applied at an optimal time point. Whetheisensitization (Brighet al., 1996).

L-Form D-Form D-Form
reversed order
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Problems.Since the MHC molecule is the least variable selective immunotherapy. (A corollary to the novel concepts
component of the TMC, MHC-blocking strategies basedof T-cell stimulation is that a single T-cell receptor is not
on anti-MHC antibodies or ‘promiscuous’ MHC-binding strictly monospecific for just one peptide/MHC combination;
peptides are comparatively nonspecific, even though they aie may cross-react with a large number of different ligands;
targeting the TMC. In addition, anti-MHC antibody therapies seePart 1.)
are facing the same problems as other antibody-based Peptide antigens need to make make contact with two
therapies. Regarding MHC-blocking peptides, many practical much larger proteins, the MHC molecule (expressed on the
issues remain unresolved. For example, appropriate delivegntigen-presenting cell) and the T-cell receptor (expressed
systems are required to achieve the sustained plasma levels  on the T cell; Figs 3 and 9). It is therefore possible tc
of soluble MHC antagonists necessary for effective inhibitiondistinguish between residues of the antigenic peptide critical
of T-cell activation. Further problems, which are shared with ~ for MHC binding, T-cell receptor binding or both. Regarding
other peptide therapies, are the poor oral bioavailability andiHC binding, three-dimensional atomic structures of several
very short plasma half-life after parenteral administration. MHC class | and Il molecules revealed that binding of the
peptide ‘main chain’ is supplemented by the binding of
peptide ‘anchor side chains’ into ‘pockets’ of the MHC
Altered peptide ligands molecule (Fig. 9) (Madden, 1995). Because the stereo-
chemistry of these pockets varies between different MHC
Principles. For many years, antigen-induced stimulation alleles, different MHC molecules tend to present a different
of T cells was considered strictly as an ‘all-or-nothing’  spectrum of peptides.
phenomenon; if the T-cell receptor bound tightly to the Regarding T-cell receptor binding, peptides possess
MHC-peptide complex, the T cell was fully activated and primary and secondary T-cell receptor contact sites (Sloan-
would differentiate, produce cytokines, help B cells or kill Lancaster and Allen, 1996). APL are defined as analogues
target cells, and proliferate; in other words, antigen of immunogenic peptides in which these T-cell receptor
stimulation would always generate a full immune responsecontact sites have been manipulated, usually by substitution
This simple view has dramatically changed in recent years,  with another amino acid. While these peptides do not stimulate
and a whole new field of T-cell biology has opened. ThisT-cell proliferation, they nevertheless have the capacity to
is centred around the concept of ‘partial agonism’ and activate some T-cell receptor-mediated functions. Antagonist
‘antagonism’ of peptide ligands (for revievgee Sloan- peptides are defined as analogues that specifically down-
Lancaster and Allen, 1996). ‘Altered peptide ligands’ (APL), modulate the agonist-induced response. These operationally
which differ by as few as one or two amino acids from defined functions are not mutually exclusive and often depend
the peptide generating the full immune response, can bind to  on the experimental system.
the T-cell receptor without triggering the full programme of  The properties of individual APL depend on their structural
T-cell activation. For example, an APL may partially activate homology with the agonist ligand; peptides that contain very
a helper T cell to produce IL-4 and help B cells, but fail to conservative substitutions at defined secondary T-cell receptor
induce proliferation. Although APLs only need to be different interaction sites act both as partial agonists and efficient
from the antigenic (unaltered) ligand in a subtle manner, hovantagonists. More deviant peptides retain the antagonist
these subtle differences are translated into the observed  function, but loose their partial agonist property. Extensively
differences in biological response is not clear. Current theoriesubstituted peptides loose both functions and become neutral.
can be grouped into the kinetic and conformational models. Of note, amino acid substitutions at the primary T-cell
In the kinetic model, the T-cell receptor has a reduced affinityreceptor contact site completely abolish all detectable activity
for the APL as compared with the antigenic ligand. This (Sloan-Lancaster and Allen, 1996).
results in a reduction in the time that the T-cell receptor Taken together, these observations suggest a ‘threshold-
remains engaged with its ligand. A short interaction with of-activation’ model for T-cell signalling. According to this
ligand then results in the transduction of a different signalmodel, successful stimulation of individual T-cell functions
through the T-cell receptor than that induced by the longer  depends on a certain critical level of activation, with each
interaction with the unaltered ligand. In a conformationalfunction requiring a particular threshold (Sloan-Lancaster
model, the transduction of signals through the T-cell receptor and Allen, 1996). How the binding of an APL is transmitted
involves some kind of conformational change in the T-cellvia the T-cell receptor across the T-cell membrane to modify
receptor upon recognition of ligand. This change is postulated intracellular events is not completely clear. It appears, how-
to depend on the nature of the ligand (APL versus unalteredver, that peptide affinity is a critical factor. Agonist ligands
ligand). At present, the majority of experimental data tend have higher T-cell receptor affinity than antagonist ligands,
to favour the kinetic model. and antagonist ligands have higher affinity than neutral
Although the exact mechanism of the ‘partially agonistic’ (‘null’) ligands. Apparently, the rate of dissociation of
properties of APL is not completely understood, the field ofligand from T-cell receptor is a major determinant of the
‘APL engineering’ has quickly gained a lot of attention, and agonist and antagonist properties of a ligand (Rabinowitz
APL are widely considered attractive candidates for antigenet al, 1996). It is thought that T-cell activation involves a
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MHC class | MHC class i

without
peptide

Fig. 9 Model of the antigen-binding cleft of MHC class | and Il molecules as it would be ‘seen’ by the T-cell redeptdiiC class |
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 Il moleculesR 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 diagrémand B illustrate that the sides of the cleft are formed by two

helices, whilst the floor consists of tifiepleated sheet formed by the pairing of theanda, domains of the MHC classd chain @),

or the pairing of then; and3; domains of the MHC class kit and3 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 peptidSdigand’.
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
triggered after ligand binding. Differential activation of these to stimulatory ligands (Sloan-Lancaster and Allen, 1996)]. A
modules seems to depend on the way the CD3 proteins, less attractive, presumably only transient effect of APL would
which are always associated with the T-cell receptor, arde simple competition with the unaltered ligand for T-cell
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 EvidenceAPL are highly effective inhibitors of disease in
several different consequences which could be useful fodifferent EAE models (Smilelet al, 1991; Franccet al,
immunotherapy. Most desirable for therapeutic purposes 1994). One possible mechanism is downregulation of the
would be a long-lasting change of the properties of autoreagroduction of TH1 cytokines such as interferpand TNF-
tive T cells. Such effects have indeed been observed i in encephalitogenic T cells (Kariet al., 1994). This would
some experimental systems. For example, certain APL camply that therapy with a single APL peptide modulates not
modulate the cytokine pattern of T cells (Windhagsral., only T cells expressing the appropriate T-cell receptor but
199%). Furthermore, APL could induce a form of ‘anergy’ also ‘bystander’ T cells expressing different T-cell receptors
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(Kuchrooet al, 1994). It seems indeed that treatment with tered antigens either induce activity in regulatory cells that

APL may selectively silence the pathogenic T cells and, in'suppress’ the antigen-specific response (low doses), or inhibit

addition, affect the secondarily recruited bystander T cells  antigen-specific T cells by induction of clonal anergy (high

via production of TH2 cytokines (e.g. IL-4) and reduction doses). (The doses being used in clinical trials are designed

of TNF-a in the lesion (Brockeet al, 1996). Genetically  to induce regulatory T cells rather than anergy).

engineered variants of APL might be used for more efficient Antigens that pass through the gut preferentially induce

presentation, for example by targeting fusion proteins of APL TH2-type T cells that secrete IL-4, IL-10 anf. BBEh

and antibody to surface receptor expressed on antigercells leave the gut and migrate to the organs that contain the

presenting cells, e.g. the type | Fc receptor for IgG (Liu  fed antigen. The TH2 cells then are locally stimulated to

et al, 1996; Leggeet al., 1997). release their anti-inflammatory cytokines. In this way, oral
tolerance could be viewed as a natural drug delivery system

Problems Therapy with APL peptides is hampered by the in which anti-inflammatory cytokines are delivered to selected

same general problems as other peptide-mediated therapies, sites (\&kiakr 1994). Because the regulatory cells

especially problems relating to peptide delivery and bio-activated during oral development of tolerance are triggered

availability. Furthermore, if APL therapy affected only T  in an antigen-specific fashion, but suppress in an antigen-

cells capable of reacting with the APL, then this strategynonspecific fashion, they mediate ‘bystander suppression’

would be likely to fail in human disease. The reason for  when they encounter the fed autoantigen at the target organ.

this pessimistic view is that the human autoimmune T-cellTherefore, proponents of oral tolerance often stress that this

response is much more complex than the strikingly limited  therapy has the advantage that extracts of target organ (i.e

T-cell response observed in some EAE modsksegection  brain in the case of multiple sclerosis) can be administered

on T-cell vaccination). It must be anticipated that APL  without the need to know what the autoantigen is. In terms

therapy, like other selective immunotherapies, will only work of cost, safety and simplicity, oral administration is clearly

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

On the other hand, if the encouraging data suggesting several experimental autoimmune models in a disease- and

more widespread effect of APL treatment on bystander T  antigen-specific fashion; the diseases include experimenta

cells (‘bystander suppression’ is the term for this favourableautoimmune encephalomyelitis, uveitis and myasthenia

phenomenon) can be corroborated, then this treatment could gravis, collagen- and adjuvant-induced arthritis, and diabete

hold substantial promise (for reviewge Steinman, 1996). inthe NOD (non-obese diabetic) mouse (Weietal., 1994).

But even then, there must be concern that the autoimmune In some EAE models, intranasal application of encephalito-

reaction finds a way to evade the effects of APL therapy, foigenic peptide seems to be more effective than oral administra-

example, by epitope spreading. It is therefore important to tion (Metzler and Wraith, 1993). Whether this and other

perform more detailed studies on the long-term effects ofzariant protocols involving development of mucosal tolerance

APL treatment in different experimental systems, especially (e.g. feeding MBP-toxin conjugeéssyin et al., 1996)

chronic EAE models. Whether the effects of APL observedhave any advantages has not been established.

in experimental systems can be achieiredivo in the human Evidence for ‘bystander suppression’ comes from experi-

immune system and if so, whether they can be employed foments suggesting that MBP- or PLP-induced EAE in the

the treatment of multiple sclerosis patients, is presently open. mouse can be suppressed by feeding MBP (AkSalhbagh
1994), and PLP-induced disease can be suppressed by MBP-
specific regulatory T-cell clones (Cheat al, 1994). Oral

Oral tolerance tolerance is being tested clinically in a number of human
diseases, including multiple sclerosis, rheumatoid arthritis,

Principles.The term ‘oral tolerance’ refers to the observa- uveitis and juvenile diabetes. A pilot trial in relapsing—

tion that proteins passing through the gastrointestinal tract  remitting multiple sclerosis was too small to draw conclusions

generate antigen-specific hyporesponsiveness (for resemv, and lacked MRI evidence (Weinet al., 1993).

Weineret al.,, 1994). Because other mucosal surfaces, e.g. in

the respiratory tract, have similar properties, the termProblemsWhether oral or mucosal tolerance will have a

‘mucosal tolerance’ is often used interchangeably. place in the treatment of multiple sclerosis depends largely

It is thought that oral tolerance evolved to allow the gut- on the results of ongoing clinical trials. For how long

associated immune system to be exposed to external proteinsucosal antigens need to be applied for treatment of chronic

without becoming sensitized. If animals are fed with proteins autoimmune diseases is not known. Safety concerns regarding

such as ovalbumin or MBP and are then immunized, theoral preparations of myelin or other CNS antigens are clearly

immune response against the fed antigen (but not against  important but gderrsgtinvalidate the concept. It should

control antigen) is subsequently reduced. There is evidendee noted that oral tolerance may not work for all autoantigens,

that depending on the amount of antigen fed, orally adminis- as indicated by experiments in a highly artificial model
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system (Blanast al., 1996). In these experiments, transgenic GDMBP-specific T cells through apoptosis. In principle,
mice expressing ovalbumin under the control of the rat insulirprotein engineering techniques could be used to ‘tailor-
promoter were lethally irradiated and then reconstituted design’ tolerogenic molecules (Zambidis and Scott, 1996).
with bone marrow from another transgenic mouse line thaFor example, i.v. treatment of SJL/J mice with a chimeric
contained ovalbumin-specific CB8T cells. The transgenic  fusion protein of MBP and PLP (MP4) prevented EAE
mice became diabetic after feeding with ovalbumin. Theinduced either by active immunization or by adoptive transfer
authors conclude that ‘caution should be applied when of activated T cells (Eflialt, 1996). Mice treated with
attempting oral administration of autoantigen to treat humaMP4 were resistant to disease when rechallenged with an
diseases that may be affected by cytotoxic T cells (Blanas  encephalitogenic PLP peptide.
et al,, 1996). In Lewis rats, EAE could be prevented by injection of
spleen cells coupled to myelin antigens (Vandenbeirkl.,
1995). It is thought that this treatment induces selective

Other strategies of tolerance induction by tolerance in encephalitogenic T cells through a partially

. . . reversible form of anergy.
modification of antigen presentation Soluble complexes of antigenic peptide bound to MHC

L. class Il molecules induced antigen-specific apoptosis of MBP-
Principles. It has long been known that the immune gpecific, virus-transformed C34 T cells in vitro (Arimill
response to a protein antigen depends on the dose, forgt 5, 1996). Induction of apoptosis by soluble MHC class
and route of administration. For example, antigens injecteq|-peptide complexes is considered a possible therapeutic
subcutaneously usually elicit a strong response, while antigergtrategy to delete autoreactive T cahsvivo.
injected directly into blood tend to induce nonresponsiveness
or tolerance. The exact mechanisms by which the route oprghlems.The strategies based on modified antigen pre-
antigen administration controls the nature and intensity okentation can only be applied if the autoantigen is known. In
the immune response are not known, but it can be assumefe case of soluble MHC—peptide complexes, it is also
that the types of antigen-presenting cells and special charagecessary to know the immunodominant encephalitogenic
teristics of the local environment play an important role (forepjtope (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-mytiple 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 cannopPrinciples. Copolymer-1 is a synthetic basic random
respond to their specific antigen despite optimal condition%opmymer 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 whic{yag 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 moleculespt 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
EvidenceTolerance to MBP was induced by intraperitoneal development of copolymer-1 may be found in Arnon (1996).
injection of synthetic peptides of immunodominant deter- Note that different encephalitogenic determinants of MBP
minants of MBP (Gauet al., 1992). If they were administered are involved in the different species, suggesting a broad
before immunization with MBP, EAE was prevented, and effect of copolymer-1 on MBP responses. Furthermore, it
if they were administered after immunization, EAE wasappears that the suppressive effect of copolymer-1 is not
ameliorated. Peptide-induced tolerance apparently resulted restricted to MBP, but extends to EAE induced in mice
from the induction of anergy in antigen-specific T cells. with encephalitogenic PLP (Teitelbaumt al, 1996) or
Therapy with modified MBP peptide analogues that form MOG (Ben-Hual., 1996) peptides. On the other hand,
long-lived peptide—-MHC complexés vivowas more effect- copolymer-1 had no effect on experimental myasthenia gravis
ive than therapy with the unmodified MBP peptide (Samson  and experimental thyroiditis, indicating some specificity for
and Smilek, 1995). Administration of an acetylated synthetionyelin-induced autoimmunity (Arnon, 1996).
peptide of MBP (called PAL 68-86) suppressed EAE in It is difficult to envisage a plausible mechanism that could
Lewis rats (St Louist al., 1997). explain all these observations. It has been proposed that
Therapy with high doses of MBP abrogated EAE in mice  copolymer-1 competes with MBP, PLP and MOG for binding
(Critchfieldet al,, 1994; Rackeet al., 1996). The therapeutic to MHC class Il molecules expressed on antigen-presenting
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
binding to MHC class Il molecules, which is ‘promiscuous’ clones of T lymphocytes as the pathogenic agents of auto-
(i.e. independent of the MHC Il allotype), does not require  immune disease, analogous to pathogenic microbial agents.
internalization or processing of copolymer-1 by antigen-Cohen suggested that, as in microbiology, autoaggressive
presenting cells. Sinae-copolymer-1, a stereoisomeric form T cells can be attenuated to eliminate their pathogenic
of copolymer-1, binds as efficiently to MHC class Il molecules potential, while conserving their capacity to stimulate counter-
as copolymer-1 but does not inhibit EAE, one could speculate regulatory cells. Obviously, this concept rests on two pillars.
that MHC binding is a necessary but insufficient step thatFirst, the healthy immune repertoire must contain potentially
must be followed by a more specific step such as induction of  self-reactive T-cell clones, and these clones must be normally
regulatory (‘suppressor’) cells or T-cell receptor antagonisnsuppressed by counter-regulatory mechanisms. Secondly, in
(Arnon, 1996). Still, the alleged selectivity of copolymer-1  autoimmune disease, the equilibrium between autoaggressive
for myelin autoantigens (MBP, PLP, MOG) and concomitantT cells and the suppressive mechanisms is lost, but can be
lack of suppressive activity in reactions against other auto- re-established by appropriate stimulation of the counter-
antigens presently remains unexplained. regulatory mechanisms.

The original concept of T-cell vaccination relies on the

EvidencePossible therapeutic effects of copolymer-1 wereinjection of autoantigen-specific T-cell clones, which must
investigated in a number of clinical trials in relapsing—be isolated from the prospective recipient, cultured and
remitting (Bornsteinet al, 1987; Johnsoret al, 1995) expanded, attenuated or inactivatedvitro, and then re-
and chronic progressive (Bornstegt al, 1991) multiple injected as a vaccine. More recently, peptides of the antigen-
sclerosis. A phase Ill multicentre, double-blind, placebo-specific T-cell receptor of the autoreactive T cells rather than
controlled trial in patients with relapsing—remitting multiple Whole T cells have been used for “T-cell receptor peptide
sclerosis showed a 29% reduction in relapse rate (Johnsoficcination’ (for reviewseeVandenbarlet al, 199@). The

et al, 1995), so that Copo|ymer-1 has been Suggested asrgtionale for this therapy is the fO”OWing. Each T-cell receptor
reasonable alternative to interferfnfor treatment of early ~contains an immunogobulin constant-like domain, which is
re|ap5ing_remitting mu|tip|e sclerosis (Wo|insky, 1995) shared between different T ceIIs, and an |g variable-like
Further studies are planned to obtain more detailed informadomain, parts of which are either unique to one T-cell clone
tion on the effects of copolymer-1 on clinical progressionOr shared among only a few T-cell clones (Fig. 2B). As with
and on MRI activity in different clinical types of multiple [9s, the most variable region of the T-cell receptor is the

sclerosis. Whether combination therapy with copolymer-1c0mplementarity determining region (CDR)3. Other relatively
and interferor will show additive clinical effects, also Variable parts of the T-cell receptor are the CDR2 and CDR1

awaits further study. regions. Instead of using whole T cells for vaccination, T-
cell receptor peptide vaccination uses short synthetic peptides

Problems.As long as the exact mechanisms of action areof the T-cell receptor CDR regions of autoaggressive T cells.

unknown, it is difficult to judge how ‘specific’ copolymer-1 It is thought Fhat vgccination with such CDR region T-ce_II
therapy really is. Copolymer-1 was generally well tolerategreceptor peptides stimulates counter-regulatory T cells, which

in the published trials. The most common adverse experiend§€c0dnize the immunizing T-cell receptor peptides with their

was an injection-site reaction. A transient systemic reactiod C€ll receptors. Itis further assumed that the autoreactive T
occurred at least once in 15% of patients treated witifells express not only intact T-cell receptor on their surface

copolymer-1 (Johnsoet al., 1995). This sporadic and unpre- Put also MHC-bound peptides derived from their own T-cell
dictable reaction occurred within minutes after injection,"€CePtor during normal protein turnover. (In principle, these
and was characterized by flushing or chest tightness witgndogenous T-cell receptor peptides could be associated with

palpitations, anxiety, or dyspnoea and usually lasted betweefther MHC class I or MHC class Il molecules). Thus, it
30 s and 30 min. would be expected that regulatory Cb4or CD8+ T cells
Copolymer-1-reactive antibodies were found in the serunptimulated with the immunizing T-cell receptor peptides

of treated patients, with maximum levels attained after a fewfToSS-react with the endogenous T-cell receptor peptides

months of treatment. The antibodies. which do not cross€XPressed on the autoaggressive T cells, allowing for selective

react with MBP, apparently do not affect the biological inhibition or killing of the autoaggressive T cells.

activity of copolymer-1. . N .
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

Vacc_'nat'on with T cells or T-cell receptor itsypathogenicppoten?ial after irradiation. Transfer of these

peptides attenuated T cells rendered the recipients resistant to sub-
sequent active autosensitization with MBP (Ben-Nun and

Principles. The term T-cell vaccination was coined by Cohen, 1981; Ben-Nuet al, 1981). Other procedures for

I. R. Cohen in 1981 (Ben-Numt 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 #&i2/specific T cells that inhibit (but do not
recent vaccination protocols relied on the transfer of sublethadelete) the encephalitogenic target T cells. Inhibition seems
doses of untreated or attenuated activated T-line cells. Such  to be mediated, at least partially, by soluble factors, raising
transfers lead to the expansion of recipient T cells specificallyhe possibility that the presence of regulatory T-cell receptor-
reacting against the originally transferred T line. Most, but  specific T cells in the CNS might inhibit not only the
not all, of the induced T cells express the CD8 membranetimulating \38.2+ T cells but also ‘bystander T cells’
phenotype and recognize their target epitope in the context expressing different V genes (Vandeabatl09).
of MHC class | products (Suet al., 198&, b). These CD8& In a human pilot trial of T-cell receptor peptide vaccination,
regulatory T cells are specifically cytotoxic against the multiple sclerosis patients were immunized with synthetic
relevant autoaggressive CB4T-cell line, but fail to respond  peptides encompassing the CDR2 regions @52 and
to other syngeneic T lines with different or even similar [6/1 (Bourdetteet al, 1994; Chouet al, 1994). The
specificities. rationale for choosing these particular V elements was based

In human pilot trials of T-cell vaccination, multiple sclerosis ~ on previous results from the same group of investigators
patients were vaccinated with MBP-reactive T cells clonedndicating that \B5.2 and to a lesser extent(g.1 are
from their blood (Medaeet al.,, 1995; Zhanget al., 1995). preferentially expressed by MBP-specific T cells from
Selected MBP-reactive T-cell clones were activateditro ~ multiple sclerosis patients as compared with normal controls
and irradiated to render them incapable of proliferation. (Kogtial., 1991). After immunization with T-cell receptor
Patients received three subcutaneous injections of two to foyreptides, delayed type hypersensitivity skin reactions and
vaccine clones (1810° cells for each clone). The treatment  antibody responses to the immunizing peptides were
was well tolerated, but the number of patients was too smalbbserved in some patients. T-cell receptor peptide-specific T
to allow conclusions about clinical efficacy (Medasdtral., cells isolated from the blood of immunized patients were
1995). Frequency estimations of MBP-specific T cells indi-predominantly CD4 and expressed mRNA for interferon-
cated that in the majority of recipients, MBP-reactive T cellsy, GM-CSF, IL-4, IL-5, and to a lesser extent, IL-2 (Chou
remained undetectable in blood over a period of 1-3 yearst al., 1994). The number of patients enrolled in this pilot
but reappeared in some patients during clinical exacerbations  trial was too small to allow conclusions about the clinical
(Zhanget al., 1995). The reappearing MBP-reactive T cells efficacy of T-cell receptor peptide vaccination. In a double-
were different from the MBP-specific T cells present before blind placebo-controlled pilot trial conducted by the same
vaccination, suggesting a shift of the T-cell repertoire togroup of investigators, 23 HLA-DR2 positive patients with
other determinants of MBP. The immunization induced pre- primary or secondary chronic progressive multiple sclerosis
dominantly CD8F regulatory T cells capable of lysing the were vaccinated with one of two T-cell receptop3/2 CDR
immunizing clones in a clonotype-specific manner. The T- region synthetic peptides or placebo (Vandenbark
cell responses induced by immunization were restricted td996; accompanying editorial by Antet al., 1996). Peptides
the immunizing clones and did not affect the MBP-reactive  were injected weekly for the first 4 weeks, and then monthly
clones not used for immunization (Zhaegal., 1995). for a total of 1 year. The trial design did not allow for

In several rodent models of autoimmunity, the pathogenic, demonstration of statistically significant differences in clinical
autoantigen-specific T lymphocytes use a strikingly limitedoutcome of peptide-vaccinated patients as compared with
number of available variable-region elements for their antigen placebo-treated patients (Vandenladrk1996). The
receptor. Classic examples are the PL/J mouse (Acha-Orbé@mmunological data obtained in this trial indicate that vaccina-
et al, 1988; Urbanet al, 1988) and the Lewis rat (Burns  tion with T-cell receptor peptide increases the frequency of
et al, 1989; Chlubaet al, 1989). In these animal strains, circulating T-cell receptor-peptide-specific (regulatory?) T
essentially all encephalitogenic T-cell clones use the T-cell cells. T-cell receptor-peptide-specific T cells isolated from
receptor \38.2 element. These observations led to two partlyaccinated patients inhibited the proliferation of autologous
interdependent therapeutic strategies. First, it was shown MBP-specific Tncello. This inhibition was apparently
that monoclonal antibodies against T-cell receptor V-regiomot dependent on direct recognition of endogenously pro-
determinants can profoundly interfere with inducibility and cessed T-cell receptor on the MBP-specific T cells, and was
even progress of organ-specific autoimmune disease (Zamwihediated by secretion of soluble factors such as IL-10 by
et al, 1988). This strategy is not entirely specific, as it  the T-cell receptor peptide-specific T cells. The authors
presumably affects any T-cell response using the V elemergpeculate thain vivo, T-cell receptor peptide-specific regu-
recognized by the monoclonal antibody. Secondly, immuniza-  latory cells might suppress all TH1 cells in their immediate
tion of rats against synthetic peptides representing eithericinity, including cells bearing ¥ elements other than
the CDR3 region (Howellet al, 1989) or CDR2 region  B5.2 (‘bystander suppression’).
(Vandenbarket al, 1989) of the T-cell receptor of auto-  Vaccination with whole T cells or T-cell receptor peptides
aggressive MBP-specific T cells was reported to prevent s likely to be improved by novel DNA-based vaccination
actively induced EAE, and to shorten ongoing disease (fotechniques, which introduce the immunizing antigen in the
review, see Vandenbarket al, 199&). It appears that form of DNA. The DNA encoding the relevant antigen is
immunization with T-cell receptor peptides stimulates regu-ncorporated into appropriate vectors or applied as ‘naked
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DNA vaccine’ (Pardoll and Beckerleg, 1995). For example, transfer, but it is likely that human T-cell clones also differ
immunization of mice with recombinant vaccinia virus in their pathogenic potential. If it was possible to assess
expressing a @8.2 gene significantly reduced the induction  the pathogenic potential of human T cells, T-cell-directed
of EAE and the proliferative response of MBP-reactive Timmunotherapy would become more realistic.
cells (Chundurwet al, 1996). Suppressive vaccination also Interestingly, there is a minority of multiple sclerosis
seems to work with naked DNA encodind38.2 (Waisman patients who exhibit a strikingly restricted T-cell response to
et al, 1996). In the vaccinated mice, there was an elevation MBP. In one-third of the multiple sclerosis patients in our
in the production of the TH2 cytokine IL-4, and a reduction own study, ~80% of the T-cell lines established by stimulation
in the TH1 cytokines IL-2 and interferop- with whole MBP responded to a single, patient-specific
cluster of immunodominant epitopes noted in MBP regions

Problems Although it could be (and indeed is) argued that 80-105, 108-131 and 131-153 (Mea&tl al., 1993). In one
T cell or T-cell receptor vaccination might affect not only of these patients, we have compelling evidence that some
the T cells or T-cell receptor used for immunization but alsoMBP-specific T-cell clones persist for many years in the
‘bystander’ T cells, it is clear that the chances of success peripheral blood (deih) 1993; Hohlfeldet al., 1995).
depend critically on the extent of diversity of the human T-Patients with this kind of restricted, persistent autoimmune
cell response to MBP and other encephalitogens. There is  response would seem the most logical and obvious candidate
now growing consensus that the human T-cell responséor T-cell or T-cell receptor vaccination therapy, although it
against the most widely studied potential encephalitogen, must be emphasized again that even in these patients
MBP, is extremely complex (for reviewsgeMartin et al., multiple T-cell receptors are used for recognition of the
1992; Hohlfeld et al, 1995; Hafleret al, 1996). Many  immunodominant epitope cluster (Meirdl., 1993; Hohlfeld
different antigenic determinants are recognized by T-celkt al., 1995), and that the encephalitogenic potential of these
lines selected for reactivity against whole MBP, although  T-cell clones may vary (Meall, 1997).
certain MBP sequences, e.g. 80-105, are recognized moreln conclusion, T-cell and T-cell receptor vaccination in
frequently than others. Furthermore, the T-cell receptor used human multiple sclerosis is complicated by the remarkable
by MBP-specific T cells, even of T cells specific for MBP  complexity and diversity of the human autoimmune T-cell
105 are also remarkably heterogenous, both intra- and interin- response. A further problem is that the role of MBP and
dividually (Hafleret al, 1996). In a large collection of T- other potential autoantigens is still unknown in multiple
cell receptor sequences derived from MBP-specific human sclerosis. Therefore, it should be anticipated that further
T-cell clones, there was no evidence for preferential usagprogress in this area of selective immunotherapy depends
of certain T-cell receptor § elements (Hafleet al., 1996). much more on the identification of the pathogenic auto-
In our own studies, only one of 215 long-term T-cell clonesantigen(s) and T-cell receptors than on an increase in the
expressed B5.2 (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., 199&). Differences in T-cell receptor
expression could relate to differences in patient characterf€onclusions and outlook
istics. Therefore, it is important that patients are characterizett should have become clear from the discussion of the
in detail for T-cell receptor expression characteristics before  individual treatments that some of these proposals have &
T-cell receptor vaccination can be expected to produce &ealistic chance for clinical application, whereas others have
meaningful result. It must be anticipated that T-cell receptor ~ not. Itis difficult to make a firm prediction, but ‘semiselective’
vaccination works only if patients are treated with individual- therapies based on cytokines or anticytokines are promising
ized vaccines that are tailor-designed according to the results candidates. The popular concept of ‘immune deviation’ away
of pre-treatment immunological characterization. Obviouslyfrom TH1 cells forms the basis for several other interesting
this requirement will substantially influence the cost and strategies (Table 2). However, it will be important that
feasibility of T-cell receptor vaccination therapy. our understanding of the pathogenesis of multiple sclerosis

A further level of complexity is introduced by the possi-  develops along with our treatment strategies. Note for
bility that the human T-cell clones characterizad vitro example, that there is growing evidence for a remarkable
differ in their functionalin vivo properties. Experimental heterogeneity of pathogenetic mechanisms which involve
evidence directly supporting this possibility comes fromdifferent types of T cells and macrophages, as well as B
experiments with MBP-specific T-cell clones isolated from  cells and antibodies. Thus, it would be too simplistic to
the blood of normal rhesus monkeys, using exactly the sameonsider multiple sclerosis a disease exclusively mediated by
‘split well’ cloning technique that is used for the generation  TH1 cells.
of human antigen-specific T-cell clones. After re-injection Among the many problems to be tackled in the future, the
into the autologous monkey, only one of three MBP-specific ~ pathogenesis and treatment of (primary) progressive multiple
T-cell clones was encephalitogenie vivo (Meinl et al,  sclerosis requires special attention (Thompsoml., 1997).
1997). Obviously, the encephalitogenic potential of human Ideally, it would be possible to identify subtypes of multiple
MBP-specific T-cell clones cannot be tested by autologousclerosis and thus be able to tailor treatment according to
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the different pathogenetic mechanisms. ImmunotherapieB, Linde AS, et al. Linomide reduces the rate of active lesions in
requiring only a short course of treatment are especiallyelapsing-remitting multiple sclerosis. Neurology 1996; 47: 895—
attractive, since genetically engineered proteins are usuall§00-

still immunogenic and will eventually induce neutralizing Antel JP, Becher B, Owens T. Immunotherapy for multiple sclerosis:
antibodies. Highly selective therapies such as APLs and Tirom theory to practice. [Review]. Nature Med 1996; 2: 1074-5.
cell (or T-cell receptor-peptide) vaccination, and DNA-based -

. . . . rchelos JJ, Jung S, Miaer M, Schmied M, Lassmann H, Tamatani
therapies such as anti-sense oligonucleotides an

. . . . , et al. Inhibition of experimental autoimmune encephalomyelitis
immunological gen.e.theraples are _St'” at an early S'Fage y an antibody to the intercellular adhesion molecule ICAM-1. Ann
development, and it is not yet possible to assess their futurgeyrol 1993: 34: 145-54.

potential.
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