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Colloquium

Autoimmune concepts of multiple sclerosis as a basis
for selective immunotherapy: From pipe dreams to

(therapeutic) pipelines

Reinhard Hohlfeld**$ and Hartmut Wekerle®

TDepartment of Neuroimmunology, Max Planck Institute for Neurobiology, Am Klopferspitz, D-82152 Martinsried, Germany; and *Institute for Clinical
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Autoimmune T and B cell responses to CNS antigen(s) are thought
to drive the pathogenesis of multiple sclerosis (MS), and thus are
logical targets for therapy. Indeed, several immunomodulatory
agents, including IFN-B1b, IFN-B1a, glatiramer acetate, and mitox-
antrone, have had beneficial clinical effects in different forms of
MS. However, because the available treatments are only partially
effective, MS therapy needs to be further improved. Selective
(antigen-specific) immunotherapies are especially appealing be-
cause in theory they combine maximal efficacy with minimal side
effects. Indeed, several innovative immunotherapies have been
successfully applied in experimental autoimmune encephalomy-
elitis. For example, autoreactive T cells can be selectively targeted
by means of antigen, T cell receptor, or activation markers. How-
ever, experimental autoimmune encephalomyelitis is far from
being a perfect approximation of MS because MS is more hetero-
geneous and the target antigen(s) is (are) not known. Further
advances in MS therapy will depend on our growing understand-
ing of the pathogenesis of this still incurable disease.

ultiple sclerosis (MS) is one of the most common neuro-

logical diseases of young adults in Europe and North
America (1). Worldwide, ~1 million people are afflicted by this
chronic inflammatory disease of the CNS. Histological hall-
marks of active MS include infiltrations of T cells, macrophages,
and B cells, degradation of myelin, and, to a lesser extent, axons,
and reactive changes of astrocytes and microglia (2). It is usually
assumed that these inflammatory changes reflect an auto-
immune attack against myelin components. Other perhaps less
likely possibilities are that the inflammatory reaction is primarily
directed against an unknown infectious agent (3, 4), or that the
inflammatory changes are secondary to a primary degenerative
process.

In the following, we will broadly trace the steps by which the
pipe dream of selective immunotherapy might become a reality:
beginning with experimental autoimmune encephalomyelitis
(EAE), confronting the obstacles in the search for a target
antigen of MS, and concluding with the selective immunother-
apies currently being explored.

MS and EAE

The current concepts of MS as an autoimmune disease are based
on direct studies of MS lesions and animal models of inflam-
matory demyelination. Among these disease models, EAE is one
of the most widely studied autoimmune disease paradigms. This
research has provided profound insights into not only autoim-
mune but also basic immunological mechanisms (5). EAE can be
induced in many species by active immunization with myelin
antigens. The classic encephalitogenic antigen is myelin basic
protein (MBP), the first to be identified. Later, other myelin and
non-myelin antigens were also shown to induce EAE [e.g.,
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proteolipid protein, myelin oligodendrocyte glycoprotein
(MOG), and S-100p].

Particularly striking was the observation that the transfer of
purified, activated MBP-specific CD4" T cells into healthy
syngeneic animals can induce EAE in the recipients (“transfer
EAE”) (6). This study was the first formal demonstration that an
autoaggressive T cell is sufficient to launch an organ-specific
autoimmune disease. Subsequent studies revealed that injection
of autoantibodies against a surface-exposed myelin antigen,
MOG, can amplify the T cell attack by inducing large-scale
demyelination (7, 8). More recent work has revealed that not
only CD4* myelin-specific T cells but also CD8* T cells have
encephalitogenic potential (9, 10).

Whereas EAE is considered useful, it is far from the ideal
model for investigating novel therapies (5, 11). Many ingenious
therapeutic strategies were first developed and successfully
tested in EAE, but several therapies that had certain beneficial
effects in EAE-exacerbated MS (e.g., inhibitors of tumor necro-
sis factor-a; ref. 12). So far, only a few of the therapies that were
successful in EAE could be shown to be efficacious in human MS
(13, 14). This finding holds particularly true for antigen- and
antigen receptor-selective therapies. Likely reasons are that the
inciting antigen(s) are not known in individual cases of MS, that
the B and T cell receptor (TCR) repertoire of the participating
inflammatory cells is more diverse in MS than it is in certain
EAE models, and that MS is heterogeneous.

MS Heterogeneity and the Search for Target Antigen(s)

The search for a target antigen of MS is hindered by the fact that
human MS is very heterogeneous. Not only is its clinical course
and presentation extremely diverse, but there is increasing
evidence of pathogenetic heterogeneity as well. Recently, crite-
ria for the histological classification of MS subtypes have been
developed. Lassmann et al. (2) have proposed four basic types of
lesions: macrophage-mediated demyelination (type I), antibody-
mediated demyelination (type II), distal oligodendrogliopathy
(type III), and demyelination secondary to oligodendrocyte
damage (type IV) (2). These patterns were originally distin-
guished in a cross-sectional study of biopsy specimens from MS
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patients who had an unusual clinical presentation that required
biopsy for diagnostic clarification (15).

Two principal approaches have been taken to search for the
target (auto)antigens of MS. One method is to study human B
and T cell responses directed against established antigens like
MBP, MOG, or proteolipid protein, i.e., antigens known to be
capable of inducing EAE. The other approach is to investigate
the repertoire of the antigen receptors expressed by human B
and T cells. In contrast to the first approach, the second strategy
does not depend on a priori knowledge of the antigen (16).
Neither of these strategies has yet led to unequivocal identifi-
cation of the target antigen(s) of MS.

Current Knowns and Unknowns About CNS Antigen-Specific
Immune Cell Responses

Myelin-Specific T Cells Are Constitutive Components of the Healthy
Immune System. Classic experiments demonstrated that MBP-
specific T cells from immunized donors are capable of transfer-
ring EAE in the Lewis rat (6). Subsequently, MBP-specific T
cells were isolated in vitro, even from unmanipulated, naive rats,
and these T cells could also transfer EAE to syngeneic naive
recipients (17). These findings were an early demonstration that
autoreactive T cells are not generated de novo after immuniza-
tion in vivo, but they already exist as preformed elements in the
healthy immune system.

These studies raised the question of whether myelin-
autoreactive T cells are also present in the human immune
repertoire, and if so, why they seem to remain innocuous in
healthy people but become encephalitogenic in MS patients. The
“split-well” cloning technique has allowed the isolation of myelin
autoantigen-specific T cells from MS patients and normal sub-
jects (18, 19). Stimulation of blood T cells with MBP in vitro leads
to the proliferation of MBP-specific CD4* T cells, which, in
humans, recognize different epitope clusters spread along the
entire length of the MBP molecule (18, 20-24). In contrast, in
several rodent models the MBP-specific T cell response is
strikingly focused on only one immunodominant epitope (25).
Also, in humans, some MBP epitopes are recognized more
frequently than others, both at the population level and in
individual subjects. These relatively immunodominant epitopes
include region MBP 85-99, which is presented in the context of
the HLA allele DRB1*1501, and is associated with MS. It should
be noted, however, that the human T cell response to MBP
region 85-99 shows remarkable microheterogeneity, both in
terms of fine epitope specificity and TCR use (23).

MBP and Other Autoantigens Have Pathogenic Potential in Humans.
MBP-specific T cells are autoreactive, but can they become
pathogenic? The only way to formally demonstrate the enceph-
alitogenic potential of human myelin-specific T cells in healthy
people is to adoptively transfer these cells into an autologous
recipient, on analogy to the pioneering experiment in the Lewis
rat (6). Although it is impossible to do such transfer experiments
for ethical reasons, several indirect arguments strongly suggest
that human MBP-specific CD4" T cells are indeed potentially
pathogenic.

First, the split-well technique allowed the isolation of MBP-
specific T cells from outbred primates. The immune system of
rhesus monkeys is very similar to the human immune system, and
even shares similar molecular structures (26). MBP-specific T
cells from rhesus monkeys recognize different epitopes of MBP,
as do their human counterparts (27). The encephalitogenic
potential of the rhesus cells was directly demonstrated by
autologous transfer. Similar results were reported by the group
of Genain et al. (28) who isolated MBP- and MOG (29)- specific
T cells from the peripheral blood of healthy, nonimmunized
marmosets, and adoptively transferred EAE to a chimeric twin.
Because the in vitro conditions in these experiments were the
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same as in the experiments with human T cells, it is reasonable
to extrapolate the results to humans.

A second line of evidence rests on experiments with “human-
ized” transgenic mice. Fugger and coworkers (30) were the first to
express three human components involved in T cell recognition of
MBP in transgenic mice: the appropriate DRA*0101/DRB1*1501
(HLA-DR2) MHC restriction molecule, a TCR specific for the
HLA-DR2-bound MBP 84-102 peptide, and the human CD4
coreceptor. When the transgenic mice were backcrossed to recom-
bination activating gene-deficient mice, the incidence of spontane-
ous disease drastically increased. These experiments clearly dem-
onstrate that T cells specific for the HLA-DR2-bound MBP peptide
can induce disease. They also suggest these cells are normally held
in check by regulatory T cells, which are absent in the recombina-
tion activating gene-deficient mice.

A third argument comes from observations in MS patients. In a
phase II clinical trial, an altered peptide ligand (APL) of MBP
seemed to exacerbate the disease in a small number of MS patients.
This finding was accompanied by a strong cross-reactive T cell
response against MBP83-99, which, in one patient, was restricted to
HLA-DRB1*0404 (31). It is therefore likely that APL treatment in
these patients stimulated a cross-reactive pathogenic anti-MBP
response, thus providing further indirect evidence of the pathogenic
potential of MBP-specific T cells in humans.

Suggestive as these findings may be, they do not prove that MBP
or any other CNS autoantigen acts as the “antigenic target” of MS.
Various B and T cell responses to CNS autoantigens have been
described in MS patients, but none of the many candidate antigens
could be pinpointed as the target of the autoimmune response (32).
For example, a number of reports have described subtle changes of
various properties of myelin-specific T cells in MS patients, includ-
ing IL-2 responsiveness (33), hypoxanthine-guanine phosphoribo-
syltransferase resistance (34), (co)stimulation requirements (35—
37), IL-7 sensitivity (38), and avidity for antigen (39). So far, none
has been sufficiently reproducible to become generally accepted.

The difficulties in establishing the target antigens of MS are not
surprising, in view of the heterogeneity of the disease. Another
obstacle is the dynamic nature of the autoimmune response. In
rodents the response can spread to different antigens (40). It is
difficult to prove that such “epitope spreading” actually occurs in
human MS. If it did occur, it would make the identification of the
initial triggering antigen very difficult, if not impossible, because
even patients who present with their first clinical symptoms usually
have had subclinical disease for many years.

The Triggering Process of MS Is Still Unknown. Self-tolerance devel-
ops and is maintained by several complementary mechanisms,
including clonal deletion, anergy, ignorance, and active suppression.
At least in theory, failure of any of these mechanisms, e.g.,
tolerogenic display of autoantigens in the thymus regulated by the
autoimmune regulator gene (41), can result in autoimmune disease.

One way to break tolerance is by “antigenic mimicry” (42).
Originally, the mimicry concept referred to contiguous sequence
identities between peptides from microbes and autoantigens. Sub-
sequently, the concept has been extended to structural resemblance
between different peptide-MHC complexes. For example, one
human MBP-specific TCR can recognize two completely different
peptides: one derived from MBP (bound to HLA-DR2b) and one
from the Epstein—Barr virus (bound to HLA-DR?2a; ref. 43). In this
case, molecular mimicry involves not only two distinct peptides but
also two different HLA-DR molecules. Mimicry reactions are
favored by the “degeneracy” of T cell recognition (44). Further-
more, autoreactive T cells could be stimulated by microbial “su-
perantigens” or by antigen-nonspecific proinflammatory factors of
the innate immune system, which are abundantly expressed in the
inflammatory milieu.

Another mechanism causing loss of tolerance is the weakening of
the regulatory mechanisms that normally help to keep the autore-
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Screen cDNA from biopsy tissue for clonally expanded TCR V-beta sequences by

CDR3 spectratyping

Stain tissue sections with appropriate anti-TCR V-beta mAbs and identify
autoaggressive T cells in situ according to morphological criteria

!

Isolate individual autoaggressive T cells by laser-assisted microdissection and amplify
TCR V-beta chain by RT-PCR (with clone-specific primers) and the corresponding

TCR alpha chain (with primer mix)

Express pairs of corresponding TCR alpha and beta chains in T-hybridoma cells

¢

Use transfectants for the screening of peptide or cDNA expression libraries to identify

potential target antigens

Fig.1. Proposed strategy for the identification of the unknown targets antigens of MS, starting with the characterization of the antigen-specific TCRs expressed

by autoaggressive T cell infiltrates in biopsy tissue (16).

active T cells in check. Cellular suppressor mechanisms are still
poorly understood. More recent evidence indicates that distinct
populations of CD4+*CD25", CD4*CD25~, and CD8™ regulatory
T cells contribute to the maintenance of self-tolerance, and that the
function of CD4*CD25" regulatory T cells might indeed be
disturbed in MS (45). The precise mechanisms of regulatory cell
function and dysfunction have yet to be defined (46—48).

Very recently, a different line of evidence has provided
support for the possibility that the inflammatory, presumably
autoimmune reaction might by secondary to some form of
degenerative or infectious injury. At least in some MS cases and
lesions, oligodendrocyte apoptosis seems to precede leukocyte
infiltration and demyelination (49, 50). The cause of these
oligodendrocyte changes, which have not been observed in EAE
models, is unknown.

Techniques for Finding the Target Antigen(s) of MS

A number of approaches have emerged for the identification and
functional reconstruction of pathogenic T cells directly from
biopsy or autopsy tissue (16). Oksenberg et al. (51, 52) were the
first to use PCR techniques to demonstrate expanded TCR V-«
(51) and V-B chain (52) sequences in CNS tissue homogenates
of MS patients. Intriguingly, one TCR V-B complementarity-
determining region (CDR)-3 motif was identical to that of a
described MBP-specific human T cell clone (52).

However, for the full characterization of a TCR, it is necessary
to identify its paired o and B chains. This goal can only be achieved
with single-cell techniques, as they were pioneered by Kiippers and
Rajewsky and coworkers (164) for studying B cell development and
lymphomas. One approach developed by several groups, including
our own, is shown in Fig. 1 (16).

So far, the whole series of steps, beginning with the patient’s
biopsy and ending with the clear-cut identification of the target
antigen, has not yet been achieved. In particular, it has been very
difficult to coamplify both TCR chains from single T cells. How-
ever, the application of single-cell PCR for detailed analysis of the
TCR VB repertoire in MS lesions has not only been feasible, but has
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revealed intriguing insights. For example, we identified several
CD8" (but not CD4*) expanded T cell clones, which were originally
present in brain biopsy tissue (53) and subsequently persisted for
many years in the blood and cerebrospinal fluid of the same MS
patient (54). Some of the expanded CD8™" T cells showed markers
of recent activation. These observations would be consistent with a
pathogenic role played by the expanded CD8" T cells (55, 56). It
would be interesting to identify the pairing « chains from these T
cell clones. If the full TCR were reconstructed, it could be used in
the search for the target antigen.

Similar strategies can be applied for the analysis of B cells.
Increased synthesis of intrathecal IgG and its distribution as “oli-
goclonal bands” have long been recognized as diagnostic hallmarks
of MS. However, the antigen specificity of these oligoclonal bands
has remained a mystery (57). Several studies (58-61) have dem-
onstrated clonally expanded B cells in the CNS and cerebrospinal
fluid of MS patients, and this result has been confirmed by
single-cell repertoire analysis (62). Similar strategies as described
above for T cell repertoires can be used for the identification of the
pairing light and heavy Ig chains from individual infiltrating B cells.
The pairing chains can be incorporated into recombinant antibodies
that can be used in the search for target antigens. This search will
be facilitated by progress in “proteomics.” For example, Steinman
and colleagues (63, 64) have applied miniaturized autoantigen
arrays for large-scale multiplex characterization of autoantibody
responses directed against diverse autoantigens. At the present
time, these protein arrays are best suited for the detection of
antibodies directed against conformation-independent epitopes,
but future progress in this area will help to identify new antibody
targets.

MS Immunotherapy Today

Our expanding knowledge of the immunopathogenesis of MS
has led to several therapeutic advances, which, have over the past
decade, drastically changed the therapy for MS. Several new
disease-modifying agents, including IFN-Bla, IFN-B1b, glati-
ramer acetate (GA), and mitoxantrone, have been approved and
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Table 1. Antigen-nonselective candidate agents for the immunomodulatory treatment of MS

Class

Agents

Cytotoxic agents and procedures

Azathioprine; mycophenolate mofetil; cyclophosphamide; mitoxantrone; methotrexate;

linomide derivative (Laquinimod); immunosuppressive fungal macrolides and cyclic peptides
(e.g., Cyclosporin-A, Tacrolimus, Sirolimus, and CCI-779); immunoablation, followed by
hematopoetic stem cell transplantation.

Immunosuppressive mAbs

Anti-CD3; anti-CD4; anti-CD52 (Campath-1H and Alemtuzumab); anti-IL-2 receptor a-subunit

(Daclizumab and Basiliximab); anti-CD20 (Rituximab).

Cytokines and cytokine inhibitors

IFNs (IFN B-1a, IFN B-1b, IFN-q, and IFN-7); [tumor necrosis factor (TNF) inhibitors (TNF-«

receptor-lgG soluble dimeric p-55 (Lenercept®)]; anti-TNF-a human/murine chimeric mAb
cA2; metalloprotease inhibitors; down-modulatory cytokines [IL-1 inhibitors: IL-4, IL-10, and
IL-13; TGF-B2 (BetaKine)]; antibodies against proinflammatory cytokines (e.g., anti-IL-12p40).

Chemokine antagonists and receptor blockers
Therapies directed at cell adhesion and
costimulatory molecules

MCP-1 receptor antagonist; CXCR3 antagonist; CCR1 antagonist; CCR5 antagonist.
Humanized anti-CD11/CD18 mAb (Hu23F2G); small-molecule inhibitors of integrins; anti-a4
integrin mAb (Natalizumab); anti-ICAM-1 (CD54) mAb; anti-CD2 mAb; anti-LFA-3 (CD58)

mADb; anti-CD154 mAb; CTLA4-lg; anti-CD45 mAb.

Others
agonist (FTY720).

Plasmapheresis; intravenous immunoglobulins; statins; sphingosine-1-phosphate receptor

are now being widely used (65-67). It is interesting to note that
the methodology and design of MS trials has evolved in parallel
with the therapeutic agents. In particular, increasingly sophisti-
cated MRI techniques are used to great advantage for the
identification and quantification of CNS lesions (68, 69).

Despite this growing number of available agents, however, it
is clear that none of the existing therapies can stop the disease
process. Therefore, the search for more efficient therapies
continues (13, 14, 70). The list of planned, on-going, or recently
completed clinical MS trials (published and regularly updated by
the National Multiple Sclerosis Society, which can be accessed
at: www.nationalmssociety.org) currently contains >150 entries.
In addition, many potentially promising new agents are being
investigated in preclinical studies. These agents can be broadly
divided into nonselective (antigen-nonspecific) and selective
(antigen-specific) approaches (Tables 1 and 2).

One principle emerging from our improved understanding of
autoimmune mechanisms is that it is more promising to actively
strengthen physiological counterregulatory mechanisms than to
attempt to passively “delete” putative autoreactive cells from the
immune repertoire. Many of the new therapeutic approaches can
be viewed as “vaccination” strategies. Their most obvious target
is the “immunological synapse” formed between a T cell and an
antigen-presenting cell (APC) (71). Located in the center of this
synapse, the trimolecular complex of antigen/MHC (on the
APC) and the TCR (on the T cell), which confers antigen
specificity, are therefore quite literally the “bull’s-eye” of the
target at which antigen-selective therapies must aim (72).

Putatively Selective Inmunotherapies Already Tested or
Currently Under Development

APLs. APLs are variant peptides that have been modified from an
autoantigenic peptide in such a way that the original MHC-
binding moieties are retained, but one or several of the TCR-
binding amino acids have been changed (73). APLs can bind to
TCRs without triggering the full program of T cell activation. For
example, an APL may partially activate a T helper (TH) cell to
produce IL-4 and help B cells, but fail to induce proliferation.
Often, APL stimulation leads to a TH1-to-TH2 cytokine shift.
Further, some APLs can induce a form of “anergy” in T cells
(anergic T cells are unable to respond to stimulatory ligands). If
APL therapy affected only T cells capable of reacting with the
APL, then this strategy would most likely fail in human disease.
However, APL treatment can have widespread effects by means
of bystander suppression (74, 75).

Two phase II trials of an APL derived from an immunodom-
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inant peptide of MBP (MBP 83-99) were halted prematurely (31,
75, 76). In one of the trials, a high incidence of immediate-type
hypersensitivity reactions occurred, mostly at higher dosage (76).
Furthermore, a tendency to trigger exacerbations was observed
in one of the two studies (31). These inadvertent results indicate
that the APL can cross-stimulate encephalitogenic, MBP (83—
99)-specific T cells in certain patients. These trials, however, also
showed that APL treatment induces a shift of the T cell response
from TH1 to TH2 (76, 77), which is reminiscent of the immu-
nological effect of GA.

GA (Copolymer 1, Copaxone). GA is a synthetic random copolymer
of the four amino acids L-glutamic acid, L-lysine, L-alanine, and
L-tyrosine (78—80). After clinical trials had shown benefit (81—
86), GA was approved for the treatment of relapsing remitting
MS. The beneficial effects of GA were subsequently confirmed
by MR studies (87). Compared with the MRI-confirmed effects
of IFN-B, those of GA are delayed (87). This delay appears to
be consistent with the time course of the GA-induced immuno-
logical changes (88).

GA treatment induces a population of GA-reactive, TH2-type
regulatory T cells (“GA-induced TH2 shift”; Fig. 2 and refs.
89-92). Because they are activated, the GA-reactive TH2-like T
cells are able to cross the blood-brain barrier. Inside the CNS,
they secrete their beneficial antiinflammatory cytokines, includ-
ing IL-4, IL-6, and IL-10, and thereby create an “antiinflamma-
tory milieu.” Production of the beneficial factors could occur
spontaneously, or after cross-stimulation with products of myelin
turnover (e.g., MBP and MOG) presented by local APCs.
Subsequently, the local milieu is changed in such a way that the
production of proinflammatory cytokines (e.g., IL-2 and IFN-y)
by other inflammatory cells is reduced by means of a suppressive
bystander effect (93, 94). In addition, the GA-specific regulatory
T cells might exert a neurotrophic effect, because GA-specific T
cells are capable of producing brain-derived nerve growth factor
(95, 96), and the corresponding tyrosine kinase receptor B is
up-regulated in neurons in MS lesions (97, 98),

The GA-induced TH2 shift might be explained at least partly
by a direct action on APCs, especially dendritic cells and
monocytes (99-102). After in vitro treatment with GA, dendritic
cells have an impaired capacity to secrete TH1 polarizing factors,
and therefore preferentially induce TH2 cells (100). Further-
more, GA treatment inhibits monocyte reactivity not only in vitro
but also in vivo (101). In addition, there could be a positive
feedback loop between the GA-reactive T cells and the APCs,
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Table 2. Inmunomodulatory therapies targeting the trimolecular complex

Therapies targeting antigen/MHC

Status of trial

Agent Study design Type of MS No. of subjects Duration (as of 2004) Ref(s).
Oral tolerance Randomized, RR 30 1 year Completed 110
(bovine myelin) double-blinded
Intravenous infusion Double-blinded, SP, PP 32 2 years Completed 152,153
of synthetic MBP placebo-controlled
peptide (regions
82-98 and 85-96)
Solubilized Randomized, SP 33 84 days Completed 154
DR2:MBP84-102 double-blinded,
complex (AG284) placebo-controlled
NBI-5788 (altered Randomized, RR, SP 150 46 weeks Ongoing 31,75-77,155
peptide ligand) double-blinded,
placebo-controlled
GA* plus Randomized, RR 110 28 weeks Ongoing T
natalizumab double-blinded,
placebo-controlled
GA* vs. IFNB-1b Randomized, RR 110 1 year Ongoing T
rater-blinded
GA* Randomized, PP 900 3 years Terminated t
double-blinded,
placebo-controlled
GA* (oral) Randomized, RR 1300 56 weeks Terminated t
double-blinded,
placebo-controlled
GA* plus albuterol Randomized, RR 40 2 years Ongoing t
double-blinded,
placebo-controlled
GA* plus Open label RR, SP 50 12 months Completed t
mitoxantrone
GA* vs. different Prospective, RR 250 Ongoing t
inerteron-3 controlled, open
peparations label
Therapies targeting TCR
Humanized mAb Double-blinded, RR 50 16 months Completed 137
(ATM-027) against placebo-controlled
TCR V-B5.2/5.3
Vaccination with Open label (phase 1) RR, CP 10 (pre-screened 24 weeks Completed 156,157
TCR VB6 CDR2 for BV6 over-
peptide expression)
Vaccination with Open label (phase 1) RR, CP 10 (not pre-screened 48 weeks Completed 136
TCR peptide for BV6 over-
(CDR2 and expression)
BV652/6S5)
Vaccination with Partially blinded RR, SP 20 (interim analysis) 24 weeks Interim 150
three TCR analysis
peptides (BV5S2, completed
BV6S5, and
BV1351) NeuroVax
T cell vaccination Open label RR, CP 8 2-5 years Completed 158,159,160
(autologous
MBP-specific T
cells)
T cell vaccination Open label RR, CP 49 variable Completed 161
(autologous (extended phase 1)
MBP-specific T
cells)
T cell vaccination Open label RR, SP 54 24 months Completed 122
(autologous
irradiated
MBP-specific T
cells)
T cell vaccination Double-blinded RR 30 1 year Ongoing T
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Table 2. (continued)

Therapies targeting TCR

Status of trial

Agent Study design Type of MS No. of subjects Duration (as of 2004) Ref(s).
T cell vaccination Randomized, Probable MS, 76 Ongoing 151
(T cells specific for double-blinded, after first
MBP, PLP, or MOG placebo-controlled attack
synthetic
peptides)
T cell vaccination Double-blinded, RR 60 18 months Ongoing 123
(IL-2-responsive placebo-controlled
CD4* T cells from
CSF)
T cell vaccination Double-blinded, SP 80 3 years Ongoing 162
(whole-myelin- placebo-controlled
reactive T cells) (phase 11)
T cell vaccination Open label RR 18 24 months Ongoing T

(MBP-specific
autologous T cells)

List of recently completed and ongoing therapeutic trials of selective immunotherapies in multiple sclerosis. RR, relapsing-remitting; SP, secondary

progressive; PP, primary progressive; CP, chronic progressive.
*For GA, only unpublished trials are shown.

TBased on the National Multiple Sclerosis Society list of clinical trials, which can be accessed at www.nationalmssociety.org; refs. 150 and 151.

because the TH2-polarized T cells can modulate the properties
of the APC (103).

The T and B cell responses to GA treatment can be monitored
with enzyme-linked immunospot (104) and ELISA (105, 106),
respectively. In a pilot study involving a small number of MS
patients, the immunological response to GA correlated well with
the treatment response (107). The clinical value of these assays
for monitoring the therapeutic response needs to be further
investigated.

Tolerogenic Application of Autoantigen. The aim of several therapies
is to induce antigen-specific tolerance by variously modifying the
method of applying the antigen. For example, administration of
autoantigens via the mucosal surfaces of the gut (“oral tolerance”)
or respiratory tract (“nasal tolerance”) can efficiently suppress
experimental autoimmune diseases (108, 109). Unfortunately, how-
ever, in MS the oral administration of myelin was ineffective,
despite encouraging results of a small pilot trial (110).

An interesting emerging approach is the active induction of
tolerance by “DNA vaccination.” For example, vaccination with

periphery 2 CNS
macrophage E microglia
£
5
GA-therapy S bystander
P MH suppression
: CNS Agig
TCR TR T >
GA- ! '
iﬁ —
Tl > BDNF
—Jp neurotrophins
TH1
Fig. 2. Proposed mechanism of action of GA, an approved agent for the

immunomodulatory treatment of relapsing-remitting MS. See text for details.
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DNA encoding an autoantigenic peptide of MBP or proteolipid
protein can suppress EAE (111-113). It should be noted, however,
that vaccination with a MOG-encoding DNA made the disease
worse in another EAE model (114). An important advantage of
DNA vaccination is that it permits easy modification of the ther-
apeutic vaccine. For example, codelivery of the DNA vaccine and
the IL-4 gene provided protective immunity against EAE (115).
This approach combines the antigen-specific effects of DNA vac-
cination and the beneficial effects of local gene delivery.

T Cell and TCR Vaccination. The term T cell vaccination was coined
in 1981 by Cohen and coworkers (116, 117). He reasoned that, as
in microbiology, autoaggressive T cells can be attenuated to elim-
inate their pathogenic potential, while conserving their capacity to
stimulate counterregulatory mechanisms. The original concept of T
cell vaccination relies on the injection of autoantigen-specific T cell
clones, which must be isolated from the prospective recipient,
cultured, inactivated, and then reinjected as a vaccine to stimulate
endogenous regulatory circuits (116—119). The regulatory mecha-
nisms that are induced after T cell vaccination include TCR-specific
CD8"* suppressor cells (120).

In pilot trials of vaccination with autologous MBP-specific T
cells, the immunological and clinical response was promising, but
rigorous proof of efficacy is still lacking (121, 122). Similarly, the
results of a pilot vaccination trial with cerebrospinal fluid-
derived activated T cells seem promising but need to be con-
firmed in a larger trial (123).

Peptides of the antigen-specific TCR of autoreactive T cells can
also be used for TCR vaccination instead of whole T cells (reviewed
in ref. 124). TCR peptide vaccination was pioneered by Brostoff
and coworkers and Vandenbark et al. (125, 126), who used short
synthetic peptides of TCR hypervariable (CDR) regions of the
autoaggressive T cells. It is thought that vaccination with such TCR
CDR region peptides stimulates TCR-specific counterregulatory T
cells, which can also be demonstrated in the healthy human immune
system (127, 128). The rationale for this approach is that in several
rodent models of autoimmunity, the pathogenic, autoantigen-
specific T lymphocytes use a strikingly limited number of available
variable-region elements for their antigen receptor (129-131).
Immunization of rats against synthetic peptides representing either
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the CDR3 (125) or CDR2 region (126) of the TCR of autoaggres-
sive MBP-specific T cells prevented actively induced EAE and
shortened ongoing disease (124).

In pilot clinical trials of TCR peptide vaccination, MS patients
were immunized with synthetic peptides derived from the CDR
regions of different VB5 and VB6 elements (132-136). These
particular VB3 elements were chosen because earlier results had
indicated that they are preferentially expressed by MBP-specific
T cells from MS patients, in contrast to normal controls. The
rationale for targeting VB5.2* and VB5.3* T cells in MS is
further supported by the results of an MRI-monitored phase II
trial of a humanized anti-VB5.2/VB5.3 monoclonal antibody
(137). These pilot studies of TCR vaccination have not yet
demonstrated significant clinical benefits, but further results are
needed. In future studies, TCR vaccination is likely to be
improved by DNA-based vaccination techniques (138, 139).

The success of TCR vaccination depends on the extent of
diversity of the human T cell response to MBP and other enceph-
alitogenic antigens. It is clear that the human T cell response to the
most widely studied potential encephalitogen, MBP, is extremely
complex, and there is no convincing evidence for an overall
preference of certain TCR V3 elements (23, 140). Therefore, it
must be anticipated that TCR vaccination will work only if patients
are treated with individualized, “tailor-designed” vaccines.

Genetically Engineered T Cells for Treatment of CNS Diseases. Genetic
manipulation of CNS antigen-specific T cells has opened per-
spectives for selective immunotherapy. Transduction of antigen-
specific T cells with GFP allowed the in vivo tracking of
encephalitogenic T cells after transfer (141). This procedure
helped to identify a special “migratory phenotype” that the T
cells acquire in the periphery before they invade the CNS (142).
At this migratory stage, it might be possible to target the
pathogenic T cells very selectively. Furthermore, in a different
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approach, antigen-specific T cells could be engineered to express
beneficial factors like antiinflammatory cytokines and neuro-
trophic factors (143-147). The genetically manipulated T cells of
known receptor specificity could be used to deliver the transgene
of interest specifically to the tissues that express the correspond-
ing antigen.

Outlook: From Passive Deletion of “Forbidden Clones” to
Active Induction of Self-Tolerance

The development of therapeutic strategies for MS has followed
the evolution of the concepts of autoimmunity. Burnet (148)
originally considered autoreactive immune cells to be “forbidden
clones.” According to his view, therapy should aim to delete
these putatively dangerous cells. This is the desired effect of
classical immunosuppressive therapy, but this outcome would be
at the cost of deleting beneficial regulatory cells. Subsequently,
however, it has become more and more apparent that “autore-
activity” per se is by no means a pathological phenomenon. On
the contrary, autoreactive immune cells are essential compo-
nents of the healthy immune system, and they might even serve
(neuro) protective functions (97, 149). Accordingly, newer ther-
apies aim at actively inducing tolerance rather than passively
deleting “forbidden clones.” For example, APL, GA, DNA, and
T cell vaccination all depend on active immunoregulatory mech-
anisms. One dilemma of the selective, antigen-specific immu-
notherapies is that the target antigen(s) of the pathogenic
immune response in MS has (have) not been identified with
certainty. New techniques may eventually help to achieve this
ambitious goal and thereby provide the basis for a more efficient
and “gentle” therapy and perhaps even cure of MS (163).
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