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Abstract

Glatiramer acetate is a synthetic, random copolymer widely used as a first-line agent for the
treatment of relapsing-remitting multiple sclerosis (MS). While earlier studies primarily attributed
its clinical effect to a shift in the cytokine secretion of CD4+ T helper (T},) cells, growing evidence
in MS and its animal model, experimental autoimmune encephalomyelitis (EAE), suggests that
glatiramer acetate treatment is associated with a broader immunomodulatory effect on cells of
both the innate and adaptive immune system. To date, glatiramer acetate-mediated modulation of
antigen-presenting cells (APC) such as monocytes and dendritic cells, CD4+ Ty, cells, CD8+ T
cells, Foxp3+ regulatory T cells and antibody production by plasma cells have been reported; in
addition, most recent investigations indicate that glatiramer acetate treatment may also promote
regulatory B-cell properties. Experimental evidence suggests that, among these diverse effects, a
fostering interplay between anti-inflammatory T-cell populations and regulatory type 1l APC may
be the central axis in glatiramer acetate-mediated immune modulation of CNS autoimmune
disease. Besides altering inflammatory processes, glatiramer acetate could exert direct
neuroprotective and/or neuroregenerative properties, which could be of relevance for the treatment
of MS, but even more so for primarily neurodegenerative disorders, such as Alzheimer’s or
Parkinson’s disease. In this review, we provide a comprehensive and critical overview of
established and recent findings aiming to elucidate the complex mechanism of action of glatiramer
acetate.

1. Introduction

Glatiramer acetate (copolymer-1) is a mixture of synthetic peptides of 40-100 residues
randomly composed of four amino acids (L-glutamic acid, L-lysine, L-alanine and L-
tyrosine) in a pre-defined molar ratio (4.2 : 3.4 : 1.4 : 1.0). Glatiramer acetate was initially
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developed almost 40 years ago to mimic a major component of the myelin sheath, myelin
basic protein, and to induce experimental autoimmune encephalomyelitis (EAE), the animal
model of multiple sclerosis (MS). However, unexpectedly, glatiramer acetate inhibited
development of EAE in both rodents and monkeys.[2~4] Subsequent early open-label studies
suggested that glatiramer acetate treatment may exert a clinical benefit in MS patients with a
relapsing-remitting (RR) disease course. Such benefit was ultimately confirmed in 1995
when a phase 111, double-blind, placebo-controlled, multicentre trial including 251 RR-MS
patients demonstrated a mean reduction in the relapse rate of around 30%.[3! Primarily based
on this trial, glatiramer acetate was approved for treating RR-MS patients by the US FDA in
1996 and is now approved in many countries worldwide. Recently, two independent studies
including a total of more than 3000 RR-MS patients compared existing immunomodulatory
agents for the treatment of MS “head to head’. Both studies suggested that the clinical
efficacy of glatiramer acetate was comparable to other first-line treatments for MS,
interferon (IFN)B-1a (REGARD [REDbif vs Glatiramer Acetate in Relapsing MS Disease]
study) and IFNB-1b (BEYOND [Betaferon Efficacy Yielding Outcomes of a New Dose]
study) administered at a high frequency and dose.[6.7]

While these studies undoubtedly confirmed the clinical efficacy of glatiramer acetate in the
treatment of RR-MS, the mechanism by which glatiramer acetate mediates this benefit
remains a matter of ongoing debate. Potential mechanisms of action proposed to date
include a preferential differentiation of CD4+ T cells into T helper (Tp,)-2 cells,[8-10] an
increase in frequency and function of CD25+FoxP3+ regulatory T cells,[11:12] modulation of
CD8+ T cells,[13] as well as development of regulatory type 11 antigen presenting cells
(APC);[10.12,14-18] most recent studies indicate that glatiramer acetate may also exert an
immunomodulatory effect on B cells.[19:20] |n addition to its immunomodulatory properties,
some evidence suggests that glatiramer acetate may also have direct neuroprotectivel?1-24]
and/or remyelinating properties,[2526] presumably through an upregulation of neurotrophic
factors.

In the following sections, we aim to provide a thorough review of experimental and clinical
studies evaluating these diverse effects mediated by glatiramer acetate. These studies were
identified by a literature search of PubMed, with no date limitations. Search terms used were
‘glatiramer acetate’, ‘copaxone’, ‘multiple sclerosis’, ‘experimental autoimmune
encephalitis’, ‘T cells’, “antigen-presenting cells’, ‘neuroprotection’ and ‘animal models’.

2. Mechanism(s) of Action of Glatiramer Acetate: An Update

2.1 Immunomodulatory Effects

Many investigations have attempted to address the immunological basis for the clinical
effects of glatiramer acetate in MS and MS models.[ 27:28] Early investigations attributed the
immunomodulatory activity of glatiramer acetate to alterations in T-cell antigen reactivity,
focusing on its influence on the adaptive immune response, while more recent studies
indicate that glatiramer acetate acts on both the innate and the adaptive immune system.

2.1.1 Alteration of Immune Cells of the Adaptive Immune System—Early in vitro
studies revealed that glatiramer acetate can bind to MHC class 11 molecules on the surface of
APC.[29.30] |n association with MHC class 11 molecules, glatiramer acetate is recognized by
T cells via their T-cell receptor. As glatiramer acetate binding to MHC class Il was shown to
inhibit the activation of T-cell lines specific for myelin basic protein,311 it was concluded
that glatiramer acetate may compete with myelin antigens for binding to MHC class Il. A
later study demonstrated, however, that the stereoisomer of glatiramer acetate, D-glatiramer
acetate, which contains solely D-amino acids, failed to suppress EAE,[32] while it could
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effectively bind to MHC class 11,[33] indicating that MHC class Il antagonism might not be
the primary mechanism of glatiramer acetate.

In most MS patients, glatiramer acetate treatment induces a population of CD4+ glatiramer
acetate-reactive Tp2 cells in the periphery.[8:9:34.35] Several studies in EAE and MS
generated the concept that glatiramer acetate-reactive T,,2 cells may be reactivated within
the CNS through cross-recognition of myelin antigen[®36] followed by release of anti-
inflammatory cytokines in a process termed ‘bystander suppression’. This assumption was
primarily supported by the observation that glatiramer acetate-reactive T2 cells could be
identified in the CNS of glatiramer acetate-treated mice,[37] and that in some, but not all
studies,[3] glatiramer acetate-specific T2 cell lines generated from MS patients or mice
crossreacted with myelin basic protein at the level of cytokine secretion.[9:36-391 Newer
studies indicate, however, that glatiramer acetate suppresses CNS autoimmune disease in an
antigen-independent mannerl12:49] and thereby question whether recognition of myelin
antigen is a requirement for glatiramer acetate-induced anti-inflammatory T-cell populations
to exert clinical benefit.

CD4+CD25+Foxp3+ regulatory T cells (Tyeg) engage in the maintenance of immunological
tolerance by actively suppressing self-reactive lymphocytes.[41:42] Similar to other
autoimmune conditions,[43] effector function and frequency of Treg Were found to be
decreased in the peripheral blood of patients with MS.[44] Several studies provided evidence
that glatiramer acetate treatment may restore CD4+CD25+ Tpeq function. In the treatment of
MS, glatiramer acetate promoted conversion of CD4+CD25- toCD4+CD25+ Tygq and led to
a significant increase in the Foxp3 expression of CD4+ T cells.[1!] In glatiramer acetate-
reactive CD4+CD25+ T-cell lines generated from glatiramer acetate-treated MS patients,
high levels of Foxp3 correlated with increased T-cell regulation.[*] Thus, besides the
preferential T,,2 differentiation of T cells, glatiramer acetate normalizes the frequency and
function of Tyeg in MS, which may represent an additional immunomodulatory effect of
glatiramer acetate.

Glatiramer acetate treatment also promotes development of CD8+ glatiramer acetate-
reactive T cells. Untreated MS patients, not unlike healthy individuals, often reveal a pre-
existing population of glatiramer acetate-reactive CD8+ T cells. Upon glatiramer acetate
treatment, the frequency of these cells is significantly increased[*3! with an enhanced release
of IFNy by these cells.[45] Although the in vivo function and clinical relevance of these cells
is not yet entirely understood, one report indicated that glatiramer acetate-reactive CD8+ T
cells may suppress proinflammatory effector T-cell function in a manner similar to
CD4+CD25+ Tygq.[4647]

Besides these effects on CD4+ and CD8+ T cells, glatiramer acetate treatment appears to
also alter the function of B cells. In earlier reports, glatiramer acetate was shown to induce a
humoral response to itself in most patients.[48] Interestingly, glatiramer acetate-treated
patients preferentially develop high titres of 1gG4 antibodies against glatiramer acetate,[4°]
which may be a consequence of the induction of glatiramer acetate-reactive Ty2 cells, as
isotype switching towards 1gG4 is promoted by the T2 cytokine, interleukin (IL)-4. Unlike
antibodies against IFNp,[5% antibodies against glatiramer acetate may not dampen its
clinical effect.52] In this regard, Brenner et al.[52] reported that relapse-free patients
displayed higher antibody titres against glatiramer acetate than patients with an active
disease course under glatiramer acetate treatment. In an animal model of CNS demyelinating
disease, glatiramer acetate-specific antibodies were shown to promote myelin repair,53] thus
indicating a beneficial rather than harmful role of antibodies against glatiramer acetate.
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Recent studies indicate that glatiramer acetate may also influence cellular B-cell function.
This is of particular interest in light of a recent EAE study[®#l and MS clinical trialst>5:56]
indicating that anti-CD20-mediated depletion of B cells could be of remarkable benefit in
the treatment of CNS autoimmune disease. These investigations also suggested that the
clinical effect may primarily relate to abrogation of B-cell-mediated activation of
encephalitogenic T cells. B cells may, however, have a dual role in CNS autoimmunity,
serving as APC promoting development of Tyl and T17 cells, but also as regulatory
cellst>"=5% promoting development of Treq (58] and inhibiting maturation and pro-
inflammatory differentiation of other APC in vivo.[5% In the treatment ofMS, it may thus be
most desirable to shift proinflammatory APC function towards anti-inflammatory B-cell
properties. In this regard, two recent studies in mice revealed that glatiramer acetate
treatment promoted B-cell production of anti-inflammatory cytokines, such as IL-10,[191 and
inhibited release of IL-6, IL-12 and tumour necrosis factor (TNF).[20] Whereas these studies
suggest that B-cell immunomodulation contributes to the clinical benefit of glatiramer
acetate in CNS autoimmune disease, it remains to be determined whether this effect is
primarily achieved by an altered B-cell APC function or provision of anti-inflammatory
cytokines for regulation of T cells and other APC.

2.1.2 Effects on the Innate Immune System—Emerging evidence supports the
concept that glatiramer acetate also acts on APC and that this property may be a rather early,
if not the primary, event in the immunological cascade mediating the clinical benefit in
glatiramer acetate treatment. Several groups reported that glatiramer acetate leads to a broad
antigen nonspecific alteration of APC function in vitro.[10.14.15.18.61-64] | n vitro glatiramer
acetate treatment inhibited lipopolysaccharide- mediated expression of several activation
markers on freshly isolated human monocytes, such as CD150/signalling lymphocytic
activation molecule (SLAM), CD25 and CD69, and significantly lowered monocytic release
of proinflammatory TNF and I1L-12.[241 Another study demonstrated that glatiramer acetate
treatment not only reduced the release of proinflammatory cytokines, but also enhanced
production of anti-inflammatory 1L-10 by monocytes.[*®] Similarly, in vitro-generated
human dendritic cells released less TNF[101 and 1L-12062] upon glatiramer acetate exposure.

Based on these in vitro findings, two independent studies investigated whether glatiramer
acetate may similarly affect monocytes in treated patients with MS. In these studies,
monocytes were isolated from glatiramer acetate-treated patients without any additional in
vitro exposure to glatiramer acetate. Paralleling the in vitro findings described above,
monocytes from glatiramer acetate-treated MS patients expressed significantly lower levels
of the activation marker CD150/SLAM and released less TNF upon lipopolysaccharide
stimulation.[*4] Kim and colleagues(!®! reported that the production of IL-12 was reduced in
monocytes from glatiramer acetate-treated patients, whereas the release of IL-10 was
significantly enhanced, which they referred to as an anti-inflammatory ‘type I’ monocyte
phenotype. A recent study identified an alteration of the monocytic IL-1 system as a
mechanism by which glatiramer acetate may promote development of type 11 monocytes.[18]
In mice with EAE, as well as in patients with RR-MS, in vivo glatiramer acetate treatment
enhanced blood levels of the secreted IL-1 receptor antagonist, the natural inhibitor of IL-1f.
Intracellular signalling pathways induced by glatiramer acetate and controlling secreted IL-1
receptor antagonist (slL-1Ra) expression in human monocytes were recently identified.
These pathways involve the activation of PI3K3, Akt, MEK1/2 and ERK1/2, demonstrating
that both PI3K&/Akt and MEK/ERK pathways govern sIL-1Ra expression in glatiramer
acetate-treated human monocytes.[65]

2.1.3 Interplay of Innate and Adaptive Immune Systems in Glatiramer Acetate-
Mediated Immune Modulation—In contrast to a former understanding in which antigen
presentation simplistically triggered pro-inflammatory activation of the adaptive immune
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system, distinct APC phenotypes have been demonstrated more recently to exert an anti-
inflammatory role in the regulation of T-cell-mediated autoimmunity. Reciprocally,
differentiated T cells modify APC function. Experimental evidence suggests that APC may
be the primary target of glatiramer acetate and that glatiramer acetate-induced type Il APC
may direct a secondary T-cell differentiation bias. In a recent publication, Weber et al.[1]
dissected the immunological properties of glatiramer acetate on monocytes from its the
effect on T cells, applying glatiramer acetate treatment back to EAE. Paralleling the
observation inMS patients, clinically beneficial glatiramer acetate treatment of mice with
EAE was associated with the development of type Il monocytes, T2 differentiation of T
cells and expansion of Tyeg. Monocytes isolated from glatiramer acetate-treated mice
secreted less proinflammatory TNF and IL-12, but more anti-inflammatory IL-10 and
transforming growth factor-f (TGFp), a cytokine with key function for the generation of
Foxp3+ Treg.[GG] Furthermore, type Il monocytes secreted less IL-23 and IL-6, two cytokines
that promote development of encephalitogenic Tp17 cells.[86-68] Importantly, a comparable
cytokine shift occurred in genetically altered mice, which lack mature B and T
lymphocytes,[®9] excluding that in vivo type Il monocyte development was T-cell-
dependent. In order to investigate whether type Il monocytes may be responsible for the
development of T2 cells and Teg Upon glatiramer acetate treatment, in vivo-induced type 1
monocytes were co-cultured with untreated naive T cells without further in vitro glatiramer
acetate exposure. Strikingly, naive T cells activated by type Il monocytes preferentially
differentiated into IL-4-secreting T2 cells and Foxp3 expressing Tyeq independent of the
respective T-cell antigen specificity.[22] When type 1| monocytes were adoptively
transferred into mice with established EAE, recipients revealed an ameliorated disease
course, which was associated with a decreased frequency of T,,1 and T17 cells and
expanded populations of Tp2 cells and Teg.

These findings indicate that (i) type Il monocyte development is of clinical relevance; and
(ii) the type Il phenotype of monocytes by itself is sufficiently capable of promoting
development of regulatory T-cell populations in vivo. Although these findings are suggestive
of a scenario in which T cells may not be the primary target of glatiramer acetate, they are
most likely the effector cells of glatiramer acetate-mediated immune modulation. In EAE,
adoptive transfer of glatiramer acetate-reactive T cells alone can ameliorate EAE in a
manner similar to glatiramer acetate treatment itself. Furthermore, glatiramer acetate-
reactive T cells accumulate in the CNS of animals benefiting from treatment.l7%l Thus,
whereas glatiramer acetate may mediate a primary effect on APC independent of T cells,
type Il APC-induced regulatory T-cell populations could be the effector cells of glatiramer
acetate-mediated immune modulation.

Based on the assumption that APC are the primary target of glatiramer acetate treatment,
one would anticipate that T2 deviation and/or induction of Tyeq should not be restricted to
glatiramer acetate-reactive T cells. In this regard, Kantengwa et al.[4%] reported that
glatiramer acetate inhibited Ty1 differentiation of CD4+ T cells at various T-cell maturation
stages and in an antigen-independent manner. Another study investigated the phenotype of
T-cell lines specific for various antigens generated from MS patients before and after
glatiramer acetate treatment onset.[”2] T-cell differentiation was evaluated by the ratio
between IFNy and IL-5 release as Ty1 and T2 hallmark cytokines, respectively. In vivo
glatiramer acetate treatment biased differentiation of all T-cell lines towards a T2
phenotype, indicating that T2 differentiation occurred independent of T-cell antigen
specificity.[71] It needs to be noted, however, that another study did not observe an antigen-
independent T2 deviation of established T-cell responses upon glatiramer acetate treatment
and reported that T2 deviation may indeed primarily occur in glatiramer acetate-reactive T
cells.l43] Although intuitively conflicting, both findings may be valid. Whereas T2
deviation and expansion of Treg may in principle not be restricted to T cells specific for
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glatiramer acetate, it is plausible that an APC-driven T2 deviation may be pronounced in
glatiramer acetate-reactive T cells, as every APC that presents glatiramer acetate should
have been in contact with glatiramer acetate and undergone type Il differentiation prior to T-
cell activation. Most importantly and of clinical relevance, the concept of an antigen
nonspecific effect of glatiramer acetate is further supported by the fact that glatiramer
acetate treatment has been shown to be clinically beneficial in other models of autoimmune
or inflammatory conditions,[72=74] which will be discussed in detail in section 2.3.2.

Taken together, glatiramer acetate treatment triggers a coordinated concert of
immunomodulatory effects on T cells, B cells and APC. Independent of the question of
whether one particular cell type may be the primary target of glatiramer acetate, it remains a
great challenge to better understand how this drug modulates immune cell function on the
molecular level.

2.2 Potential Neuroprotective and Remyelinating Effects

Neuroprotective factors are proteins involved in the regulation of survival, growth and
differentiation of neural cells including neurons and oligodendrocytes. The neurotrophic
factor that has received most attention in glatiramer acetate studies is brain-derived
neurotrophic factor (BDNF), although neurotrophin (NT)-3 and NT-4 may similarly be
augmented in the CNS of glatiramer acetate-treated mice. BDNF is involved in the survival
and differentiation of neurons and glial cells.[”>.76] Interestingly, BDNF is also
constitutively expressed in inflammatory cells including T cells, B cells and monocytes.[”7]
In MS lesions, BDNF is expressed in immune cells and reactive astrocytes in close
proximity to BDNF receptor (trkB)-expressing neurons.[”8] Furthermore, BDNF was found
to be upregulated in glatiramer acetate-specific T-cell lines in vitro.[21-241 BDNF is
inducible by glatiramer acetate not only in anti-inflammatory (T2) but also in pro-
inflammatory (Th1) cell lines.

Based on these observations made by independent laboratories, the hypothesis emerged that
glatiramer acetate could have not only immunomodulatory properties but also
neuroprotective properties, limiting damage and promoting neuronal repair through BDNF
release. This possible neuroprotective effect of glatiramer acetate was further assessed on
the survival of retinal ganglion cells, neurons that form the axons of the optic nerve.[”®]
After myelin oligodendrocyte glycoprotein (MOG)-induced EAE in a rat model, optic
neuritis was monitored by recording visual evoked potentials and the function of retinal
ganglion cells was measured by electroretinogram. Glatiramer acetate treatment exerted
protective effects on retinal ganglion cells, as evaluated by measuring neurodegeneration
and neuronal function.[7®] In another study, EAE was induced by MOG, either in yellow
fluorescent protein (YFP) 2.2 transgenic mice, which selectively express YFP on their
neuronal population, or in C57BL/6 mice.[8%] Neuroprotection and neurogeneration were
quantified by measuring the expression of assorted neuronal antigens and markers for in vivo
proliferation. Glatiramer acetate treatment in various stages of the disease course led to a
sustained reduction in the neuronal/axonal damage. Cell proliferation, migration and
differentiation were augmented and extended by glatiramer acetate treatment in EAE mice
compared with EAE-untreated mice. These findings may suggest a direct linkage between
immunomodulation, neurogenesis and an in situ therapeutic consequence in the CNS.[80]

In general, glatiramer acetate-stimulated T cells are able to enter theCNS.[37] Mice
adoptively transferred with glatiramer acetate-specific T cells[7% or treated daily with
glatiramer acetate[?1] reveal an upregulation of BDNF in the CNS. An EAE study has
further shown that glatiramer acetate-treated mice show less axonal damage as measured by
a reduction of 85% in SMI-32 staining and a 63%reduction in amyloid precursor protein
(APP) staining when compared with untreated mice.[8 In vitro, glatiramer acetate
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decreases neuronal cell death induced by staurosporine and oxidative stress. This
neuroprotective effect was shown to be associated with an upregulation of BDNF.[82] The
ability of glatiramer acetate to induce BDNF is not only observed in vitro and in EAE but
also in MS patients. Here, initially decreased levels of BDNF in the serum and the CSF of
MS patients were shown to be restored by glatiramer acetate treatment.[83] In addition,
glatiramer acetate-treated patients were shown to have a decreased number of MRI “black
holes’, brain lesions in which severe tissue and axon disruption has occurred.[84 A
neuroprotective effect of glatiramer acetate in MS patients was further supported by another
clinical study using brain proton magnetic resonance spectroscopy (*H-MRS) to perform in
vivo examination of axonal integrity. Quantifying the ratio of the neuronal marker N-
acetylaspartate (NAA) to creatine over a 2-year period, the authors were able to demonstrate
that glatiramer acetate treatment supported axonal integrity.[8°]

The beneficial effect of glatiramer acetate is not limited to its effect on neurons but also
involves a reduction of demyelination and an increase of myelin repair. In this regard,
glatiramer acetate-treated mice reveal a substantial decrease of demyelination, which
correlates with an improved clinical score.[28] Recovery from immunemediated
demyelination in EAE and MS is initiated by remyelination of axons within CNS lesions.
This repair process requires recruitment and migration of oligodendrocyte precursor cells
(OPCs) into demyelinated lesions and their differentiation into myelin sheath-forming
oligodendrocytes.[ 86871 |n the spinal cord of glatiramer acetate-treated mice, expression of
OPC markers indicating their activation and proliferation was found to be elevated.
Promoted remyelination by glatiramer acetate was thus attributed to an increase in
proliferation, differentiation and survival of OPCs, along with their recruitment into injury
sites.[26] The hypothesis of a beneficial effect of glatiramer acetate on oligodendrogenesis
and myelin repair is further supported by the recent demonstration that lysolecithin-induced
demyelination of the spinal cord in mice is associated with an elevation of not only BDNF,
but also insulin-like growth factor-1, a protein that promotes maturation of OPCs. After
spinal cord insult, mice treated with glatiramer acetate further revealed less demyelination at
the site of injury and an increased occurrence of OPCs.[29]

Whether the reduction in axonal and myelin damage observed in glatiramer acetate-treated
mice is truly and exclusively related to a release of neurotrophic factors, or alternatively a
consequence of the limitation of CNS inflammation, is still being debated. It is indeed very
difficult to dissociate whether a decrease of neuronal and myelin injury occurs secondary to
a blockade of inflammatory pathways or by a direct release of neurotrophic factor,
especially when both effects occur simultaneously. The difficulty in demonstrating a direct
neuroprotective effect of glatiramer acetate is also based on the absence of firmly validated
markers that would allow quantification of axonal loss and myelin damage in prospective
clinical studies. To date, such evidence relies mainly on in vitro findings and animal studies.
This concern is also highlighted by recent clinical data: glatiramer acetate was tested in the
primary progressive (PP) form of MS, a subtype of the disease affecting around 15% of
patients with MS. PP-MS is considered to be associated with an early and sustained process
of neurodegeneration that typically does not respond to immunomodulatory or
immunosuppressive drugs.[88:8%1 The study failed to show a beneficial effect of glatiramer
acetate in PP-MS.[9%] On the one hand, these results reinforce the importance of a cautious
interpretation of data when not based on clinical studies. On the other hand, the absence of
efficacy of glatiramer acetate in PP-MS patients does not formally exclude a superimposed
neuroprotective effect of glatiramer acetate in the treatment of RR-MS, since the
pathophysiology of neurodegeneration seen in RR-MS may substantially differ from the one
present in PP-MS.
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2.3 Glatiramer Acetate Effects: Lessons from Other Animal Models

2.3.1 Neurodegenerative Diseases of the CNS—Evaluation of neuroprotection and
myelin repair mediated by glatiramer acetate may be most promising in animal models that
are not primarily associated with a deregulation of the immune system. Accordingly,
glatiramer acetate was also studied in three different animal models, mimicking Alzheimer’s
disease, Parkinson’s disease and amyotrophic lateral sclerosis (ALS).

Alzheimer’s disease is clinically characterized by a cognitive decline associated with
histopathological plaque formation and neuronal loss. Its pathogenesis is supposed to be
primarily degenerative, although a role for accompanying inflammation is not ruled out. In
Alzheimer’s disease double-transgenic (APP/PS1) mice, glatiramer acetate treatment
resulted in a decrease of plaque formation along with neurogenesis.[91] Remarkably, the
main effect suggested to explain this favourable outcome was an induction of dendritic cells
to produce neuroprotective insulinlike growth factor-1. Another approach to treat this
Alzheimer’s disease model was a nasal vaccination composed of a proteosome-based
adjuvant plus glatiramer acetate. The results showed a decrease of plaques that correlated
with microglial activation.[92]

Parkinson’s disease can be mimicked in 1-methyl- 4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-intoxicated mice. Here, adoptive transfer of glatiramer acetate-treated immune cells
to MPTP recipient mice led to a T-cell accumulation within the substantia nigra, which was
associated with suppression of microglial activation and an increased expression of
astrocyte-associated glial cell line-derived neurotrophic factor. This treatment protocol
resulted in a significant protection of nigrostriatal neurons against MPTP-induced
neurodegeneration.[93]

ALS is a rapidly progressing neurodegenerative disorder in which mediators of toxicity such
as metabolites of glutamate pathways and oxidative stress are thought to be involved. This
devastating disease affects both upper and lower motor neurons, and leads to death in a
mean of 3-5 years after diagnosis. Mice that express the mutant human gene Cu/Zn
superoxide dismutase (SOD1) develop an ALS-like disease. Glatiramer acetate vaccination
was evaluated in this animal model (in a protocol different from the ones used in the
treatment of CNS autoimmune disease) and was found to significantly prolong life span and
motor activity, and to protect motor neurons from acute or chronic degeneration.[94]

2.3.2 Inflammatory Conditions Other than CNS Autoimmune Disease—
Accumulating evidence suggests that the mechanism of action of glatiramer acetate is not
limited to counteracting myelin-specific T cells but that glatiramer acetate rather induces a
broad, antigen-independent immunomodulatory effect on CD4+ T cells, CD8+ T cells, B
cells and APC. These findings also imply that immunomodulation by glatiramer acetate
should not be restricted to CNS autoimmune disease. In this regard, recent experimental
studies reported remarkable results on the effect of glatiramer acetate on immune-mediated
disease models other than EAE.

Experimental autoimmune uveoretinitis is an organ-specific, Tp1-mediated disease that
targets the neural retina. In mice, in which this disease model can be induced by
interphotoreceptor retinoid-binding protein, glatiramer acetate was shown to inhibit the
development of experimental autoimmune uveoretinitis, with a 53% reduction of the disease
severity.[72]

Crohn’s disease is an inflammatory bowel disease (IBD) that shares with EAE and MS a
proinflammatory cytokine predominance. The first description of a beneficial effect of
glatiramer acetate in IBD was observed with trinitrobenzene sulfonic acid (TNBS)-induced
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colitis, a murine model that resembles human Crohn’s disease.[9°] Experimental colitis was
induced by rectal instillation of TNBS in three mice strains: BALB/c, SJL/J and (SJL/
JXBALB/c)F1. Glatiramer acetate treatment significantly suppressed TNBS-induced colitis
as demonstrated by a substantial reduction in the macroscopic colonic damage, preservation
of the microscopic colonic structure, reduced weight loss and improved long-term survival.
Glatiramer acetate inhibited proliferation of local mesenteric lymphocytes to syngeneic
colon extract and the detrimental TNF and TGFp.[%5] The beneficial effect of glatiramer
acetate in IBD was further confirmed with the demonstration that glatiramer acetate
suppresses both proinflammatory T-cell responses as well as natural killer cell activity.[73.74]
Interestingly, as shown in EAE, the therapeutic effect of glatiramer acetate can be adoptively
replaced by glatiramer acetate-specific T cells that are recruited to the injury site, i.e. the
intestine.l 9] In addition, a recent case report describes a patient with active Crohn’s disease
in whom glatiramer acetate may have promoted disease remission.[7]

Graft rejection was also suppressed by glatiramer acetate as evaluated in the following two
systems: (i) by prolongation of skin graft survival; and (ii) by inhibition of deterioration of
thyroid grafts. In these transplantation models, glatiramer acetate treatment inhibited the
detrimental secretion of inflammatory cytokines and induced an anti-inflammatory response
associated with clinical benefit.[74]

Collagen-induced arthritis (CIA) is an animal model of rheumatoid arthritis, which is also
supposed to be primarily Tl mediated. Surprisingly, glatiramer acetate treatment was
shown to exacerbate CIA, leading to a faster onset and a more severe, longer-lasting disease
course. The mechanisms underlying the exacerbation of CIA by glatiramer acetate included
enhanced activation and cytokine secretion by auto-reactive T cells along with an increased
production of auto-reactive antibodies.[€]

Systemic lupus erythematosus (SLE) is an autoimmune disease with a rather unpredictable
course that typically affects skin, joint, heart, lungs, liver, kidney, blood vessels and the
nervous system. Borel et al.[9] recently evaluated the effect of glatiramer acetate in an
animal model of SLE. Male (NZB x BXSB) F1 mice are a lupusprone mouse strain, which
is associated with auto-antibodies as well as a monocytosis accelerating disease progression.
These mice were treated with glatiramer acetate before disease onset until death, and both
mortality rate and immunological parameters were assessed. Glatiramer acetate exerted no
significant effect on the median survival. Humoral and cellular parameters used as markers
for lupus progression, such as anti-chromatin, anti-double-strandedDNA (dsDNA) and anti-
erythrocyte antibodies, haematocrit and monocytosis, were found to be unchanged. Many
hypotheses can be raised about the absence of efficacy of glatiramer acetate in these lupus-
prone mice, including the fact that the animal model used in this study is one among several
spontaneous, transgenic or toxic SLE models. In addition, glatiramer acetate is known to
promote the development of T2 cells that may potentially stimulate B cells to secrete auto-
antibodies, which may ultimately favour SLE progression. Finally, glatiramer acetate
treatment was administered at an identical concentration to that used in the treatment of
EAE models; it cannot be excluded that other doses may provide a different clinical
outcome.

Taken together, these studies demonstrate a clinical benefit of glatiramer acetate in several,
but not all, animal models of inflammatory diseases other than EAE. Besides their clinical
implication, these observations strengthen the hypothesis that glatiramer acetate exerts its
immunomodulatory effect in an antigen-independent manner.
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3. Conclusion

Glatiramer acetate is a well tolerated first-line treatment for RR-MS. Similar to all currently
available agents, glatiramer acetate is only partially effective in the prevention of relapses
and accumulation of disability throughout the disease course. Historically, glatiramer acetate
was one of the first drugs developed and has proven to be effective using the animal model
of MS, EAE. Early investigations attributed the clinical benefit mediated by glatiramer
acetate to an interference with the development of self-reactive, proinflammatory T cells
through competitive binding of MHC class Il. Studies in MS and EAE provided broad
evidence that glatiramer acetate treatment is associated with a preferential T2
differentiation of glatiramer acetate-reactive T cells. These T2 cells may enter the CNS,
providing anti-inflammatory cytokines at the site of inflammation, possibly upon cross-
recognition of CNS auto-antigen. Later investigations widened the scenario, with
immunomodulatory effects on various immune cells, such as monocytes and dendritic cells,
CD8+ T cells and Foxp3+ regulatory T cells. To date, the majority of existing data point
towards a scenario in which an interplay between the innate and adaptive immune systems,
namely APC and T cells, may result in a well organized ‘concert’ of effects providing the
immunological basis for the clinical benefits of glatiramer acetate (see figure 1). Recent
studies indicate that glatiramer acetate can also modulate cellular B-cell function. This is of
particular interest as B cells may play an important proinflammatory role in CNS
autoimmune disease, which is reflected by the encouraging results testing anti-CD20 B-cell
depletion in MS and EAE. B cells may, however, also serve as regulatory cells, promoting
development of Tyeq and inhibiting proinflammatory activity of other APC. Immune
modulation of B cells as a general therapeutic concept may thus be a most promising
strategy in the treatment of MS.

The immunomodulatory effect of glatiramer acetate may not be restricted to CNS
autoimmune disease, as several studies demonstrate clinical benefit in models of other
inflammatory conditions, such as uveoretinitis, Crohn’s disease and graft rejection,
reinforcing the hypothesis that glatiramer acetate may promote immunomodulation in an
antigen-independent manner. Glatiramer acetate has further proven some clinical benefit in
models of neurodegenerative diseases with little or no apparent inflammation, including
ALS, Alzheimer’s disease and Parkinson’s disease. Whereas these findings are in favour of
a direct neuroprotective effect, it is still a matter of debate whether glatiramer acetate exerts
such a property independent of its immunomodulatory activity.
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Fig. 1.

Glatiramer acetate (GA) mediates pleiotropic immunomodulatory effects. GA treatment
promotes development of anti-inflammatory type Il antigen presenting cells (APC)
predominantly producing interleukin (IL)-10 and transforming growth factor- (TGFp).
Upon encounter of naive CD4+ T cells, type 11 APC deviate T-cell differentiation towards
preferential development of T helper (Tp)-2 cells and Foxp3+ regulatory T cells (Treg). Type
I APC and T2/T g cells may facilitate each other’s development in a positive feedback
mechanism, as T cell-derived anti-inflammatory cytokines may in return foster type I1
differentiation of APC. GA-promoted anti-inflammatory CD4+ T cells may cross the blood-
brain- barrier (BBB) and are thought to be locally reactivated within the CNS. In response,
these cells may secrete anti-inflammatory cytokines and neurotrophic factors and dampen
neighbouring inflammation (‘bystander suppression’). Another feedback loop between APC
and T cells may develop within the CNS itself, as T cell-derived cytokines could also
promote type Il differentiation of resident or recruited CNS APC. In addition, GA can bind
to MHC molecules and may thereby compete with myelin antigens (Ag) for their
presentation to T cells. Furthermore, GA treatment is associated with induction of GA-
reactive CD8+ T cells and most recent findings indicate that GA may also exert an
immunomodulatory effect on B cells promoting secretion of anti-inflammatory cytokines.
The in vivo function of GA-affected CD8 cells and B cells, and whether these cells may
enter the CNS, remains to be determined. co-stim = costimulatory; TCR= T cell receptor;
TNF = tumour necrosis factor; ? indicates assumed mechanism; J. indicates decrease.
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