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ABSTRACT Substantial evidence supports autoimmune activity as the etiologic mechanism underlying
multiple sclerosis (MS). Both the innate and the adaptive arms of the immune system are involved in
the aberrant response to several antigens associated with the myelin sheath and oligodendrocytes
(OGCs) after the activation of immune cells by self- or cross-reactive microbial pathogens. The CD4�

Th1 cell, in particular, has been implicated, but it is abetted by a variety of other cell types (CD8� cells,
B cells, macrophages, and microglia) and soluble products (proteases, cytokines, and nitric oxide [NO])
that act both outside of and within the CNS. This review describes recent and salient findings from
animal models and human clinical studies that have established our current understanding of the dis-
tinct steps in the development of immune autoreactivity that culminates in the CNS lesions associated
with MS. NEUROLOGY 2007;68 (Suppl 3):S13–S21

The inflammatory cascade associated with multiple
sclerosis (MS) involves many of the known effector
components of the immune system that typically act
in an interdependent and stepwise fashion. For ex-
ample, the autoreactive Th1 cells that are integral to
MS disease development must be activated, adhere
to, and then migrate across the endothelium of the
CNS, escape the regulatory functions of other cellu-
lar components of the immune system, and ulti-
mately attack, either directly or indirectly, the
oligodendrocytes (OGCs), myelin sheaths, and ax-
ons to form the lesions associated with disease. Fig-
ure 1 presents an overview of the immune system
components involved in MS.1 An understanding of
this multistep process has made possible the devel-
opment of interventional strategies aimed at several
defined components of the immune system, and a
number of these strategies are proving successful in
reducing the rate of initial formation of CNS le-
sions. Once inflammation sets in within the CNS,
local inflammatory conditions allow a secondary
type of damage to develop, which in many cases
continues to progress in spite of immunomodula-
tory therapy. This stage of the disease process might
potentially be amenable to neuroprotective thera-
pies. These therapies, of course, must take into con-
sideration the molecular nature of the various types

of immune insults that created the lesions in the first
place. This article focuses on the clinical and exper-
imental evidence that supports current understand-
ing of the mechanisms of inflammation that lead to
demyelination and OGC injury as a basis for further
discussion of potential neuroprotective strategies.

PERIPHERAL T-CELL ACTIVATION The targets of
the autoimmune response in MS are believed to be
cellular components of the CNS that are normally
inaccessible to the immune system because of their
location behind the blood–brain barrier (BBB). En-
try of immune cells into the CNS depends on their
state of activation and their ability to respond to
cytokine and chemokine signals that induce them to
cross the BBB. The inflammatory infiltrate in active
MS lesions consists of a mostly perivascular accu-
mulation of CD4� and CD8� T cells, monocytes,
and B cells, and it eventually includes macrophages
in the lesion center that stain positively for ingested
myelin (for review see Hafler et al.2).

Activation of immune cells outside of the CNS
(e.g., in the peripheral lymph nodes) results from
functional recognition of antigenic peptides by
T-cell receptors (TCRs) on the CD4� lymphocyte
surface that are presented in the context of major
histocompatibility complex (MHC) class II mole-
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cules and accessory molecules by antigen-presenting
cells (APCs). The nature of the autoantigen that
triggers MS is not precisely known, but antigenic
peptides relevant to MS and experimental autoim-
mune encephalomyelitis (EAE) may be derived from
a number of myelin-associated proteins, including
proteolipid protein (PLP), myelin oligodendrocyte
glycoprotein (MOG), and myelin basic protein
(MBP). Myelin-reactive T cells are found in the
blood, cerebrospinal fluid (CSF), and brain tissue of
MS patients.

Particular amino acid sequences of MBP have
proved to be immunodominant, and blood fromMS
patients frequently contains T-cell clones specific
for a peptide comprising amino acids 85 to 99 (p85–
99). In humans bearing the human leukocyte anti-
gen (HLA) DRB1*0401 allele, amino acids 111 to
129 (p111–129) from MBP are immunodominant.
The relevance of this epitope to MS pathology was
demonstrated by Quandt et al.3 using a model in
which mice made transgenic for the genes encoding
the DRB1*0401 allele were infused with T cells from
mice made transgenic for the TCR expressed by the
human CD4� T-cell line MS2–3C8 specific for
amino acids p111–129. The recipient mice devel-
oped hindlimb ascending paralysis and had cellular
infiltrates in the brain, spinal cord, and spinal nerve
roots that included the transgenic T cells. The oligo-
clonality and specificity of autoreactive T cells in
MS suggest that myelin-associated proteins are the
predominant activating antigens. Features of the
cellular immune system, including how such cross-

reactive T cells are allowed to exist in the first place,
have revealed a much more complex story.

The thymic selection process, by which T cells
that strongly recognize self-antigens are removed,
allows the survival of cells that weakly bind such
antigens. Studies performed nearly 10 years ago
showed that the essential attributes of peptides that
bind to TCRs are more related to space-filling prop-
erties of side-chain structure than to specific amino
acid sequence. By systematically modifying the
amino acids of an 11-mer from MBP p86–96 and
testing the ability of the peptides to activate a p86–
96–specific CD4� T-cell clone, investigators identi-
fied several members of the resulting peptide
libraries that activated the T cells, in some cases at
much lower concentrations than the original pep-
tide.4 This information about the essential struc-
tural requirements of this TCR was used to
successfully search protein databases for peptides
from other self- and microbial proteins that were
capable of activating the same T-cell clone. A
slightly different experimental approach to identify
antigenic microbial peptides yielded 129 peptides
from a protein database that fit the structural re-
quirements to bind to a series of MBP-specific T-cell
clones from patients with MS. When tested with
seven such clones, one bacterial and seven viral pep-
tides were found that activated three of the clones.
The viral sources of the peptides included Herpes
simplex, adenovirus type 12, human papilloma vi-
rus, Epstein-Barr virus, and influenza A; the bacte-
rial peptide was from Pseudomonas aeruginosa.5 In
general, therefore, for some autoreactive CD4�

T-cell clones, antigen recognition, i.e., TCR speci-
ficity, is degenerate, and the self-antigen that in-
duces proliferation of a T-cell clone is not the only
ligand to which that clone can bind. This, of course,
permits the consideration that autoimmune dis-
eases, including MS, may be triggered by immune
responses to relatively common infectious agents
that express epitopes that cross-react with self-
antigens through a process of molecular mimicry.

Evidence that autoreactive T cells play a role in
MS relapses and disease activation has come from
clinical trials designed to exploit the degeneracy of
the TCR. Building on results of animal models in
which immunotherapy of T-cell–mediated autoim-
mune disease was achieved using altered versions of
immunogenic peptides, an altered peptide ligand
(APL) was made (CGP77116) based on MBP p83–
99. This was administered to 24 patients with re-
lapsing–remitting MS (RRMS) to test its ability to
act either as a partial agonist, a TCR antagonist, or
an inducer of T-cell bystander suppression.6 In this
phase II trial, APL was found to exacerbate MS

Figure 1 Overview of the components of the immune system that are involved in
pathogenesis in MS, as discussed in the text

Ab � C, antibody plus
complement; APC, antigen-
presenting cell; ATP,
adenosine triphosphate; B, B
cell; 5-HT,
5-hydroxytryptamine; ICAM-
1, intercellular adhesion
molecule 1; IFN, interferon;
IL, interleukin; IP-10,
interferon �-inducible
protein-10; LFA-1,
lymphocyte function-
associated antigen 1; MMP,
matrix metalloproteinase;
MS, multiple sclerosis; NAA,
N-acetyl aspartate; NO, nitric
oxide; Oi, free oxygen
radicals;PI, plasma cell;
RANTES, Regulated on
Activation, Normal T–cell
Expressed and Secreted;
TGF-�, transforming growth
factor �; Th, T helper; Thp,
T-helper precursor; TNF-�,
tumor necrosis factor �;
VCAM-1, vascular cell
adhesion molecule 1; VLA-4,
very late antigen 4. From
Dhib-Jalbut et al.,1 with
permission.
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symptoms in three patients, and an increased and
heterogeneous response of CD4� T cells specific for
MBP p83–99 was found. A portion of the CGP77116
was sufficiently similar to the actual MBP peptide to
stimulate HLA-restricted CD4� T cells specific for
the native form of the peptide. The dose of the ad-
ministered APL appeared to influence the direction
of the response because high concentrations induced
Th1 (proinflammatory) responses, whereas a low
dose induced Th0 or Th2 (anti-inflammatory) re-
sponses. Therefore, MBP-specific CD4� T cells are
directly involved in MS relapse and disease activa-
tion, and a single APL will not limit the activity of
all self-reactive T-cell clones. Further support for
the use of APL as immunomodulators was provided
in another phase II trial of a multiply substituted
MBP p83–99 peptide.7 In this case, low doses of pep-
tide were secondarily associated with a reduced
number and volume of gadolinium (Gd)-enhancing
lesions and with a cytokine profile indicative of a
Th2-type response.

Direct evidence that an infectious agent could
trigger an autoimmune condition as a result of the
degeneracy of TCR ligand specificity was provided
by Olson et al.8 using an encephalitogenic virus. In a
series of experiments with this model, Theiler’s mu-
rine encephalomyelitis virus was engineered to ex-
press either a peptide from murine myelin PLP139–
151 or a mimetic peptide expressed byHaemophilus
influenzae. Infection of mice with the recombinant
viruses induced early-onset paralytic disease, which
was associated with activation of CD4� T cells that
could cross-react with native. The finding of T cells
with highly degenerate ligand specificities that
could cause disease when activated implied the pres-
ence of a mechanism that normally regulates the ac-
tivity of these cells. It was also suggested that the
site of infection by the microbe may play a role in
modifying the environment in which disease devel-
ops, but this could not be tested with the encepha-
lotrophic virus used in this system.

T-CELL ADHESION: FROM THE PERIPHERY TO
THE BBB After their activation in the periphery, au-
toreactive T cells and activated monocytes must ac-
cess and bind to the BBB. Extensive animal
experimental data demonstrate the role of cognate
pairs of adhesion molecules on T cells and endothe-
lial cells that are essential in this process. EAE mod-
els have shown that when CD4� T-cell clones
specific for MBP are injected IP, they are found in
the CNS after 4 to 12 hours, with hindlimb ascend-
ing paralysis developing 4 to 5 days after injection.
Yednock et al.9 showed that binding of these lym-
phocytes and macrophages to brain tissue sections
was dependent on �4�1 integrin. Binding of cells to
the tissue sections was inhibited by anti-�4 anti-
body, and the same antibody prevented the accumu-
lation of lymphocytes in the CNS and the
development of EAE. Two lymphocyte adhesion
molecules and their binding partners have been im-
plicated in MS. The �-integrin very late antigen-4
(VLA-4) and lymphocyte function-associated anti-
gen (LFA-1), and their vascular and intercellular cell
adhesion molecules, vascular cell adhesion molecule
1 (VCAM-1) and intracellular adhesion molecule 1
(ICAM-1), respectively, are all upregulated in ves-
sels associated with MS lesions. Interestingly, there
is greater upregulation of VLA-4 and VCAM-1 in
vessels of chronic lesions than in vessels of acute
lesions (whereas LFA-1 and ICAM-1 were high in
both), suggesting a possible switch to their preferen-
tial use in late stages of lesion development.10 The
ability of interferon (IFN)-� to reduce the number
of relapses, the rate of MS progression, and the
number of Gd-enhancing lesions suggests that its
mode of action includes regulating the access of im-
mune cells to the BBB. Muraro et al.11 measured the
levels of VLA-4 and LFA-1 on T cells of MS patients
2 months before and for 3 months into IFN-� treat-
ment. MRI findings correlated with a decreased
level of VLA-4 on CD8� cells and CD4�/CD45RO�

memory cells, again suggesting that IFN-� affects
the manner in which T cells interact with the BBB.
These studies focused on cell membrane–bound
versions of the vascular cell adhesion molecules
(mVCAMs), but soluble forms of VCAM (sV-
CAMs) in blood exist in levels that could affect the
ability of T cells to adhere to endothelium. Al-
though the precise mechanism is unclear, studies
with both IM and SC IFN-�1a formulations in pa-
tients with RRMS resulted in increased levels of sV-
CAMs in both treated groups relative to pre-IFN
treatment levels (figure 2). A 14% increase in sV-
CAM levels was seen in the IM IFN-�1a study, in
which patients received 30 �g once weekly, com-
pared with a 56% increase in the SC IFN-�1a study,

Figure 2 Levels of soluble vascular cell adhesion
molecule (sVCAM) during IFN-�1a
treatment (p � 0.001)

From Graber et al.,12 with
permission.
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in which patients received 44 �g three times week-
ly.12 The inversely correlating reductions in MRI le-
sions in the treatment groups suggest that increased
amounts of sVCAMmay serve to bind to the VLA-4
on circulating T cells and thereby prevent their in-
teraction with mVCAMs on CNS endothelium. The
most direct demonstration of the role of VLA-4 in
the adhesion step of the inflammatory cascade
comes from a study using the monoclonal antibody
natalizumab, which binds to VLA-4.13 During this
2-year phase III trial in patients with RRMS, the
rate of relapse in the treated cohort group was re-
duced by 68% at 1 year, Expanded Disability Status
Scale (EDSS) score was reduced by 42% at the end
of year 2, and there were 82% fewer T2-weighted
MRI new or enlarging hyperintense lesions and
92% fewer Gd-enhancing lesions. As would be ex-
pected of an intervention that inhibited access of T
cells to the CNS, the effects of natalizumab treat-
ment were apparent early and lasted throughout the
study period. These results may call into question
the notion that MS begins as a degenerative process
within the CNS for, if true, the subsequent blocking
of entry of T cells would not be expected to have an
effect on lesion progression.

T-CELL MIGRATION INTO THE CNS The next step
in the inflammation process is the crossing of the
BBB by activated immune cells. Degradation of the
basement membrane underlying endothelial cells
may result from overactivity of matrix metallopro-
teinases (MMPs), which are produced by a variety
of cell types, including monocytes, macrophages, T
cells, and endothelial cells. They are also made by
cells of the CNS, such as microglia, astrocytes, and
oligodendrocytes, and are used for remodeling and
repair of cell matrix components. The activity of
these enzymes is normally regulated by tissue inhib-
itors of MMP (TIMPs). Increased levels of the
MMP gelatinase B have been associated with EAE
and have been correlated with increased damage to
and crossing of the BBB by immune cells. Several
studies have demonstrated a role for MMPs and
TIMPs in MS (table 1). In a prospective study of
gelatinase B, TIMP-1, and TIMP-2 in patients with
RRMS, levels of all three proteins were found to be
elevated in the patients compared with healthy con-
trols. Gelatinase B levels were significantly higher
during clinical relapses than during clinically quies-
cent periods, whereas levels of TIMP-1 were un-
changed and those of TIMP-2 decreased slightly.14

This pattern of TIMP expression in MS was differ-
ent from that in unrelated CNS inflammatory con-
ditions. Changes in the relative levels of a different
MMP and its inhibitory TIMP were found in an-

other study of patients with RRMS.15 In this case,
serum MMP-9 levels were elevated in the patients
compared with healthy controls, but TIMP-1 levels
were not. This change in the ratio was found to pre-
cede the appearance of new Gd-enhancing lesions
and was detectable in serum during the month be-
fore lesion development. The authors therefore pro-
posed that events occurring in the periphery, not in
the CNS, result in altered ratios of MMP/TIMP that
affect initial stages of MS. Similar results in terms of
ratio changes were reported in a more recent study
using IFN-� in which serum MMP-9 and TIMP-1
levels in patients with RRMS were followed.18 In
this case, IFN-�1a treatment caused no change in
MMP-9 levels but did cause an increase in TIMP-1
levels at the 3- and 6-month test points. This effect
was no longer apparent at 12 months. Further evi-
dence supporting a role for MMPs comes from a
different IFN-� study. Trojano et al.16 reported that
in a 2-year study of RRMS patients receiving INF-
�1b, as concentrations of soluble ICAM increased
and levels of MMP-9 decreased during the first year
there was a parallel clinical improvement (in terms
of relapse frequency, EDSS score, and Gd-
enhancing MRI lesions). Levels of soluble ICAM
and TIMP-9 returned to baseline during the second
year, and this was accompanied by a partial loss in
clinical improvement.16 Lastly, inhibition of MMP
activity in mice also supports a role for this class of
proteinases in mediating the crossing of the BBB by
leukocytes.19 In this study, the metal-chelating anti-
biotic minocycline was shown to inhibit MMP-9 ac-
tivity, decrease production of MMP-9 protein,
decrease the migration of T cells through fibronec-
tin matrix barriers, reduce the infiltration of leuko-
cytes into the CNS, and reduce EAE disease severity.

INSIDE THE CNS: THE OLIGODENDROCYTE/
MYELIN ATTACK Once within the CNS, Th1 cells
must be stimulated to be retained there, and the res-
ident microglial cells are believed to be responsible
for this. These cells have been implicated in all
stages of MS disease development, including serving
as antigen-presenting cells to activate the cells that
cause CNS tissue damage, clearing away damaged
tissue and cells after relapses, and contributing to

Table 1 Evidence for MMP involvement in MS

There is good correspondence between elevated serum MMP
levels and Gd-enhanced MRI14,15

Serum MMP-9 content is decreased in patients receiving
IFN-�16

The number of MMP-9 – expressing leukocytes is reduced in
patients receiving IFN-�17

IFN-� treatment increases serum TIMP-118
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the irreversible damage associated with the chronic
phase (figure 3). As members of the innate arm of
the immune system, microglia express Toll-like re-
ceptors which, on binding to pattern-type microbial
antigens, activate the cells to secrete the proinflam-
matory cytokines tumor necrosis factor (TNF)-�
and interleukin (IL)-6. Microglia may also be in-
duced to express MHC class II molecules with
which to present antigen to cells of the adaptive arm
of the immune system. They can be activated in re-
sponse to cues from the periphery and, in turn, in-
fluence the activity and function of infiltrating T
cells and macrophages. Activated T cells may cause
damage within the CNS, both directly and indi-
rectly, whereas activated microglia and macro-
phages themselves cause damage through release of
toxic compounds that induce apoptosis and by in-
gestion of apoptotic OGCs (for review see Jack et
al.20 and Antel21).

Evidence for the activation of microglial cells in
MS includes the demonstration of ligand binding to
peripheral benzodiazepine receptors in activeMS le-
sions. Binding of both PK11195 (to peripheral ben-
zodiazepine receptors) and MAC1/CD11b (a
marker of activated macrophages) was increased in
the edges of MRI-defined active MS lesions.22 Evi-
dence suggesting that microglial activation may be
an early event in lesion development was also re-
vealed in a pathologic analysis of brain tissue sam-
ples from patients with RRMS who died during or
just after onset of a relapse. Barnett and Prineas23

reported finding changes to cellular architecture
that occurred in the absence of leukocyte infiltra-
tion, including apoptosis of OGCs and activation of
microglia. This finding raises the possibility that mi-
croglial cells initiate lesion development before acti-
vation in the periphery has taken place.

The consequences of microglial activation have
thus far been best demonstrated in animal models.
Through expression of Toll-like receptor-4, micro-
glia may be activated on binding of lipopolysaccha-
ride (LPS). In vitro, mixed cell cultures of rat
forebrain treated with LPS suffered loss of axons,
OGCs, and microglia.24 In similar cultures devoid of
microglia, there was no loss of axons on addition of
LPS. More specifically, Toll-like receptor
4-deficient mice, which are unresponsive to LPS, do
not suffer axon loss on combined LPS/hypoxia–
ischemia treatment, whereas similarly treated nor-
mal mice do. These results serve to link innate
immunity and neuron toxicity and also show that
irreversible CNS damage may result from two types
of insult: an initial potentially reversible one (such
as hypoxia–ischemia) and a second one that takes
advantage of the compromised state of the cells that
were exposed to the first to induce irreversible dam-
age. The microglial products responsible for neuronal
toxicity were not defined in this study but might in-
clude IL-1�, IL-6, TNF-�, and/or NO, all of which are
known to be neurotoxic in vitro. Activated microglia
may also have an impact on the regeneration of neu-
rons. Neurogenesis experimentally induced in mice by
brain insult is impaired by concomitant administra-
tion of LPS, perhaps indicating a particular sensitiv-
ity of new neurons to products released by activated
microglia.25 A direct demonstration of the expres-
sion of products that could serve such a function
was made by Mycko et al.,26 who used microarrays
to analyze gene expression in the cells found in both
the lesion margins and centers of chronic active and
inactive MS lesions. Chronic active lesions were
found to express more unique genes in their margins
than inactive lesions. Of particular relevance to po-
tential neurotoxicity mechanisms, transcripts from
genes encoding TNF-� and IL-6 were found in cells
in both the margins and centers of active lesions but
not of inactive lesions. As an example of adding in-
jury to insult, functionally compromised neurons,
as may result from interaction with products of acti-
vated microglia, are associated with excessive levels
of extracellular glutamate, which is toxic to OGCs.
Riluzole inhibits release of glutamate from nerve
terminals and modulates kainate and N-methyl-D-
aspartate receptors. Patients treated with riluzole
for primary progressive MS have significantly re-
duced rates of development of T1-hypointense MRI
lesions but only slightly decreased rates of brain at-
rophy. This suggests that extracellular glutamate
has an effect on MS lesion progression and axon
loss but not on new lesion formation.27

Another product of activated microglia that may
contribute to MS pathogenesis is NO. Many cell

Figure 3 Role of microglia in the development of MS lesions, as discussed in the text

From Jack et al.,20 with
permission.
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types express inducible NO synthase (iNOS), in-
cluding activated macrophages and microglia, and
iNOS expression is abundant in the edges of MS
lesions.28 Generated NO may combine with super-
oxide to form peroxynitrite, which nitrosylates cer-
tain amine and sulfate side groups on proteins and
lipids. Nitrolysine and fragments of MBP are recog-
nized as markers of myelin damage, and both are
found in MS plaques. Others have described up-
regulated levels of iNOS mRNA and protein in the
CNS of EAE models and in lesions of patients with
MS.29 Although these results indicate a role for NO
in MS pathology, the therapeutic regulation of
iNOS expression in MS is not expected to be
straightforward. NO is involved in normal immune
functions, and inhibitors of iNOS may therefore
have both beneficial and deleterious effects.

After infiltration and reactivation by microglia,
Th1 cells may cause both indirect and direct CNS
damage. As an example of an indirect effect, CD4�

T-helper cells secrete a number of proinflammatory
products, including IL-2, an autocrine stimulator of
cell division, and IFN-�, which can activate macro-
phages and microglia, as well as �� T cells, to kill
other cell types. IFN-� also induces Th0 cells to dif-
ferentiate into a Th1 phenotype. Further amplifica-
tion of this effect of Th1 products follows IL-12
release from macrophages that induce Th1 cells to
secrete more IFN-� (for review, see Parkin and
Cohen30).

Direct damage to OGCs and the myelin sheath
results from a number of cell products and cell
types. Fc receptors (FcRs) connect the humoral and
cellular divisions of the immune system by allowing
controlled interactions between antibodies and ef-
fector cells. Type I FcRs, found on macrophages
and neutrophils, and type III FcRs, found on the
same cells and on mast cells, �� cells, and NK cells,
promote phagocytosis and antibody-dependent,
cell-mediated cytotoxic activation of inflammatory
cells. Type II FcRs, on the other hand, found on B
cells and myeloid phagocytic cells, downregulate
immune responses. An analysis of FcR knockout
mice induced to develop EAE with MOG showed
that lack of FcR II served to enhance EAE disease by
allowing increased demyelination. FcR I and III
knockouts, however, developed a peripheral re-
sponse to MOG but did not show signs of CNS de-
struction.31 FcRs therefore appear to be involved in
the secondary immune response in the CNS, at least
in the EAE model.

A distinct cell type, the mast cell, has also been
implicated in direct toxic effects within the CNS
and has been shown to have a spatial association
with MS plaques. Mast cells express FcR I and can

release their contents in an IgE-dependent or IgE-
independent manner. Released products include
several that have effects on the BBB and immune
cells within the CNS. For example, the vasoactive
agents histamine, TNF-�, and tryptase may alter
blood vessel permeability, and IL-16 and histamine
act as chemoattractants for leukocytes and induce
them to attach and roll along the endothelium be-
fore extravasation. Mast cells may influence the di-
rection of T-helper lineage development and may
also directly degrade myelin by secretion of pro-
teases (for review, see Zappulla et al.32). Like NO,
however, the essential and widespread role of mast
cells will probably make therapeutic targeting of
these cells in MS difficult.

Activation of CD4� Th1 cells is important as an
initial step in autoimmune responses, but CD8� and
�� cells, along with antibody and complement, may
also mediate myelin attack. CD8� cells actually out-
number CD4� cells in MS lesions, and they can rec-
ognize antigens in the context of MHC class I,
which can be upregulated on the surface of dam-
aged neurons. Class I-restricted epitopes have been
defined within the same MBP, PLP, and MOG pro-
teins that activate class II-restricted CD4� cells, and
cytotoxic CD8� cells have a direct ability to lyse
targets. Although much less is known about �� T
cells in MS, they can directly lyse OGCs via release
of perforin, and a distinct subtype of �� T cell with
limited antigen specificity is found in CSF infiltrates
from patients with MS and in EAE models (for re-
view, see Sospreda and Martin33). B cells and their
antibody products also contribute to lesion develop-
ment. Although controversial, antibodies that rec-
ognize MOG in particular are increased in the CNS
of patients with MS, and the presence of such anti-
bodies may be predictive of definitive MS diagnosis
and future exacerbations.34 Anti-MOG antibodies
have been shown to cause destruction of myelin in
EAE models, but antibodies to MBP or PLP have
not.2 The presence of complement-secreting cells in
the CNS also allows the active components of this
system to participate inMS lesion development. Au-
toimmune responses against myelin allow activa-
tion of the classic complement pathway, resulting in
lysis of OGCs and chemoattraction of macrophages
and their subsequent phagocytosis of antibody- and
complement-opsonized OGC fragments.

Also of growing interest in MS lesion develop-
ment is the role of chemokines, the small proteins
that direct movement of circulating leukocytes to
sites of inflammation. In the CNS, both astrocytes
and Th1 cells are known producers of chemokines,
and the great majority of cells in MS lesions are in-
filtrated CD4� cells, CD8� cells, and macrophages,
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underscoring the important role of active recruit-
ment and retention of immune cells by these com-
pounds. Of the 10 families of chemokine receptors,
CCR1 and CCR2 have definite connections with
MS. Patients with MS have reduced levels of the
chemokine CCL2 in CSF compared with normal
subjects or those with noninflammatory disorders,
which may result from its consumption by the sig-
nificant number of CCR2-bearing infiltrating cells.
Phagocytic macrophages, such as are found in MS
lesions, express CCR5, which binds a wide array of
chemokines found in MS lesions. These and other
data showing changes in the profile of chemokine
receptor expression by T cells and macrophages in
MS lesions suggest that these compounds play sig-
nificant and complex roles in the establishment and
maturation of MS lesions.35

REGULATION OF INFLAMMATORY RESPONSE
AND RECOVERY There is also increasing evidence
of active regulation that leads to recovery from the
autoimmune activity in MS lesions, based on EAE
models and human studies. A summary of these reg-
ulatory cells is provided in table 2. In the EAE
model, Th2 cells generated within the CNS have
been shown to produce regulatory molecules IL-4,
IL-10, and TGF-�. Cells with regulatory function in
humans with MS have been demonstrated by
Hafler’s group.36 The equivalent of CD4�/CD25�

suppressor T cells in mice are CD4�/CD25hi cells in
humans, which suppress the activation, prolifera-
tion, and effector functions of activated responder T
cells. These investigators reasoned that because au-
toreactive T cells in patients with MS are more eas-
ily activated than those in healthy subjects, there
might be a deficiency in the production or function
of CD4�/CD25hi cells. Comparing RRMS patients
with healthy controls, they found that CD4�/
CD25hi cells were equally numerous in the two
groups, with 10% of the CD4� cells also expressing
CD25 and 1% to 2% expressing CD25hi levels.
However, there was a diminished function of this
cell population in patients with MS. Specifically,
CD4�/CD25hi cells from normal subjects efficiently

suppressed proliferation and IFN-� production of
responder cells when combined in a 1:1 ratio, but
the same cell types from patients with MS did not
suppress either response. Mixing experiments
showed that this was not due to increased resistance
of responder cells or to an increased number of acti-
vated responder cells in MS patients. Rather, there
was a smaller fraction of the CD4�/CD25hi popula-
tion in MS patients (17%) that had regulatory activ-
ity than there was in normal controls (60%),
revealing a defect in this regulatory cell population
in MS patients.

Further evidence for a role of regulatory cells de-
rives from studies with glatiramer acetate (GA), in
response to which Th2 and Th3 cells are generated
and enter the CNS. To follow the influx of such
cells into the brain and to monitor their production
of anti-inflammatory cytokines, Aharoni et al.37

dye-labeled GA-specific T cells and transferred
them into normal or EAE mice. Sites of GA-specific
cells in the brain also demonstrated increased levels
of secreted brain-derived neurotrophic factor
(BDNF), which is known to induce axon out-
growth, myelination, regeneration, and rescue dam-
aged neurons. Also upregulated at these sites were
two anti-inflammatory cytokines, IL-10 and
TGF-�. These last two products were also being
made by resident astrocytes and microglia. The GA-
specific Th2/3 cells therefore have the ability to re-
duce inflammation and stimulate regeneration and
repair of the lesion sites in the EAE model. GA-
reactive T cells isolated from GA-treated patients
withMS are Th2-biased and secrete BDNF.38–40 The
observation that GA treatment reduces the number
ofMRI Gd-enhancing lesions that progress into per-
sistent black holes is consistent with a central mech-
anism of action for GA in humans, possibly
mediated by Th2 cytokines and BDNF release.41

Furthermore, regulatory T cells expressing foxp3
have been described in response to GA,42 suggesting
a role for these cells in GA’s mechanism of action
and supporting the importance of regulatory T cells
in modulating the inflammatory response in MS.

In a study of patients with RRMS, GA-reactive T
cells were analyzed for cytokine receptor profile and
cytokine production during 12 months of treat-
ment.43 The patients demonstrated reduction in the
expression of cytokine receptors CXCR3, CCR5,
and CXCR6 on GA- and myelin-reactive T cells.
The reduction of CXCR6 was significant because
this receptor is expressed on Th1 cells in the periph-
ery, indicating bystander modulation of cytokine re-
ceptors in the periphery as well as in the CNS. In
addition, after 1 year of treatment there was an in-
crease in the expression of CCR7, which increases

Table 2 Regulatory cells in MS

Cell type Mediators

Tr1 IL-10

Th2 IL-4, IL-13, IL-5

CD4�/CD25� Uncertain

Th3 TGF-�

CD8� Cytolytic

Astrocytes IL-10, TGF-�

IL � interleukin; TGF-� � transforming growth factor �.
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homing to lymph nodes. GA therefore appeared to
be causing a bystander effect in lymph nodes,
thereby reducing the number of myelin-reactive ef-
fector cells entering the CNS. The timing of in-
creased expression of CCR7 is also consistent with
time-dependent changes from a Th1- to a Th2-type
immunologic response. Finally, to determine
whether a correlation exists between the GA-
induced up-regulation of Th2-type cytokine profile
and clinical presentation, patients with RMSS who
had been receiving GA for 2 years were examined
for their ratio of IL-4 (Th2) to INF-� (Th1).44 After
2 years, patients were divided into groups of re-
sponders (�0.5 increase in annual relapse rate) and
nonresponders (relapse rate �1 and EDSS score
progression �1 unit). The GA-induced Th2 shift, as
revealed by the cytokine ratio, was greater in re-
sponders than in nonresponders, supporting a role
for GA-induced Th2 cells in modulating the clinical
course of MS (figure 4).

CONCLUSIONS The precise trigger for the body’s
autoimmune attack on components of myelin that
leads to MS is unknown but may result from infec-
tion and/or genetically determined immune system
responses or from aberrant microglial activation
and oligodendrocyte apoptosis. As these alterna-
tives imply, the anatomic site of the initiating event
is also not clear at this time. Regardless of the auto-
immune trigger, most patients with MS experience
repeated attacks on OGCs and myelin via an in-
flammatory cascade that is activated repeatedly
over time. The duration of these inflammatory
events in MS is unknown, but they appear to consti-
tute an early phase in development of the MS lesion.
Eventually, the body’s recovery mechanisms can no
longer repair injured OGCs and depleted myelin,
and irreversible neuron damage develops. An in-
creasingly sophisticated knowledge of the immune
pathways involved in early and late phases of MS
has allowed a detailed understanding of the patho-

genetic mechanisms underlying the disease. Surpris-
ingly, treatments that target individual components
of the immune response are proving effective at re-
ducing MS disease progression, thereby revealing
the interdependence of these components. This sug-
gests that combinations of therapies, some designed
to reduce the inflammation-driving aspects of the
immune system and some to promote neuron pro-
tection and regeneration, might be highly effective
in managing MS.
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