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Multiple sclerosis (MS) is a debilitating disease of the central nervous system (CNS) that has been extensively
studied using the animal model experimental autoimmune encephalomyelitis (EAE). It is believed that CD4 + T
lymphocytes play an important role in the pathogenesis of this disease by mediating the demyelination of
neuronal axons via secretion of proinflammatory cytokines resulting in the clinical manifestations. Although a
great deal of information has been gained in the last several decades about the cells involved in the inflammatory
and disease mediating process, important questions have remained unanswered. It has long been held that
initial neuroantigen presentation and T cell activation events occur in the immune periphery and then trans-
locate to the CNS. However, an increasing body of evidence suggests that antigen (Ag) presentation might
initiate within the CNS itself. Importantly, it has remained unresolved which antigen presenting cells (APCs) in
the CNS are the first to acquire and present neuroantigens during EAE/MS to T cells, and what the conditions
are under which this takes place, ie, whether this occurs in the healthy CNS or only during inflammatory
conditions and what the related cytokine microenvironment is comprised of. In particular, the central role of
interferon-g as a primary mediator of CNS pathology during EAE has been challenged by the emergence of Th17
cells producing interleukin-17. This review describes our current understanding of potential APCs in the CNS
and the contribution of these and other CNS-resident cells to disease pathology. Additionally, we discuss the
question of where Ag presentation is initiated and under what conditions neuroantigens are made available to
APCs with special emphasis on which cytokines may be important in this process.

Introduction

Understanding multiple sclerosis

Multiple sclerosis (MS) is the most common idio-
pathic inflammatory demyelinating disease of the

central nervous system (CNS). MS is estimated to affect more
than 2.1 million individuals worldwide, predominantly
young adults in North America and Europe (Hauser and
Oksenberg 2006). The disease is characterized by immune-
mediated axonal damage producing demyelinating lesions in
the brain and spinal cord that significantly disrupt normal
neuronal signaling (Carswell 1838; Charcot 1868). The pro-
gression of demyelination/axonal damage and impairment
of autonomic, cognitive, and motor functions results in a wide
range of clinical symptoms such as muscle weakness, diffi-
culties in speech and motor coordination, partial to complete
paralysis, pain, and vision loss (Compston and Coles 2008).
The disease course is highly variable and unpredictable
(Barkhof and others 1992; Miller and others 1993; Filippi and
others 1998). MS is believed to be predominantly mediated by

autoreactive T lymphocytes that are initially primed in pe-
ripheral lymphatic tissues and subsequently infiltrate the CNS
(Pettinelli and McFarlin 1981). Upon the arrival of T cells in
the CNS, they encounter antigen presenting cells (APCs),
which provide the final signals for their activation. Current
treatment is primarily focused on anti-inflammatory and
immunomodulatory therapy, which has been somewhat suc-
cessful in treating the acute episodes of MS. Unfortunately,
no treatment has been developed that inhibits long-term
progression to disability or cures the disease entirely, pri-
marily because there are still major gaps in our understanding
of the disease etiology and pathophysiology.

Experimental autoimmune encephalomyelitis (EAE) is a
rodent model developed around 50 years ago (Kabat 1947)
that shares many similarities with the acute inflammatory
episodes of MS both clinically and histopathologically. EAE
has been instrumental in elucidating potential mechanisms
driving events that occur in MS and its use has fostered the
development of currently available treatment strategies. EAE
can be induced in susceptible mouse strains either by active
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immunization with myelin antigen (Ag) combined with a
strong adjuvant or by passive immunization using adoptive
transfer of T cells already primed against myelin Ag (Becher
and others 2000b; Sospedra and Martin 2005).

T lymphocyte effector function in MS and EAE

Autoreactive T lymphocytes are widely accepted as the
primary mediators of pathogenesis in MS and EAE. There-
fore, much research is focused on elucidating the life cycle of
T cells and the factors that direct their differentiation into
any of several potential effector phenotypes as defined by the
production of certain classes of cytokines that affect their
effector function and pathogenic potential, such as Th1, Th2,
and Th17 cytokines.

It is known that T cells begin their life as common lym-
phoid progenitors in the bone marrow, and then travel to the
thymus where they mature through a process of positive
and negative selection to become either cytotoxic (CD8 + ) or
helper (CD4 + ) cells. Most T cells are eliminated during
thymic development due to lack of stringent affinity for self-
major histocompatibility complex (MHC) molecules or overt
autoreactivity (positive and negative selection, respectively).
T cells that do survive the thymic selection process should
possess T cell receptors (TCRs) that recognize foreign but not
self-Ags presented by the host’s MHC class I or class II
molecules. The TCRs of CD8 + T cells are activated by in-
teraction with an MHC class I molecule. Every nucleated cell
in the body constitutively expresses MHC I and presents self-
peptides. If any cell is invaded by a foreign pathogen, it
begins to present foreign peptide with its MHC I molecules,
and CD8 + cytotoxic T cells mediate its destruction.

CD4 + T cells only recognize Ag presented by MHC class II
molecules, which are present on a select population of cells
called professional APCs. CD4 + T cells can potentially dif-
ferentiate into one of several phenotypes with different ef-
fector functions, and therefore studies to understand the
complex myriad of molecular mechanisms underlying ef-
fector differentiation of CD4 + T cells are ongoing. The pro-
cess of the TCR-MHC I interaction between CD8+ T cells and
somatic cells is relatively straightforward and different cyto-
kine profiles have been reported (Cerwenka and others 1998);
however, the significance of cytokine differentiation for these
cells is not as well understood.

A critical factor in determining the development and po-
larization of CD4+ T helper cells into different effector subsets
is the particular microenvironment created by the presence of
cytokines, which are known to dramatically affect the behavior
of nearby cells bearing the appropriate receptors. Initially, re-
search defined 2 distinct subsets of CD4 + T helper cells based
on their differential cytokine secretions and effector functions
as Th1 and Th2 (Mosmann and others 1986). Th1 cells were
found to predominantly release interferon (IFN)-g and pro-
mote macrophage activities, whereas Th2 cells were associated
with interleukin (IL)-4 secretion and the promotion of B cell
functions. Th2 cells have been described as protective and Th1
cells as pathogenic in EAE/MS based on evidence in animal
models and studies showing IFN-g in the lesions of MS patients
(Traugott and Lebon 1988; Liblau and others 1995; Heeger and
others 2000). This was reinforced when treatment with re-
combinant IFN-g was shown to cause relapses in patients
(Panitch and others 1987). Consistent with this idea, the
adoptive transfer of myelin-specific CD4+ Th1 cells causes EAE

in mice. CD4 + cells can be differentiated into Th1 or Th2 cells
in vitro and to some extent in vivo by adding or antagonizing
cytokines (Seder and Paul 1994; Constant and Bottomly 1997).
IL-12 is a potent differentiation factor toward the Th1 pheno-
type and has also been shown to be crucial for the development
of EAE in mice (Leonard and others 1995; Segal and Shevach
1996; Segal and others 1998). However, subsequently it was
discovered that Ifng- / - and Ifngr- / - mice are actually hyper-
susceptible to EAE (Ferber and others 1996) as are Il12- / -

mice (Becher and others 2002), indicating that IL-12-driven,
IFN-g-producing Th1 cells may not be the only factor deter-
mining disease outcome. A remarkable development in our
understanding of autoimmune pathology occurred when it was
discovered that the p35 subunit knocked out in Il12- / - mice
was not specific to IL-12 (Oppmann and others 2000) but was
shared with the cytokine IL-23, which promotes the cellular se-
cretion of IL-17. Thus, it was found that IL23- / - mice were
resistant to EAE (Cua 2003) and IL-23-driven, IL-17-producing
cells (Th17) have become a major research focus in the context of
autoimmune disease pathogenesis. Since these discoveries there
have been additional reports of other potential T cell effector
subsets based on the secretion of signature cytokines such as Th9
(IL-9) or Th22 (IL-22) or even regulatory T cells, which are less
well defined. However, it may be an oversimplification to define
T cell subsets in this manner as it is possible that T cells, in-
cluding Th17 cells, may not terminally differentiate into a
particular cytokine phenotype but rather retain enough devel-
opmental plasticity to change effector function when the situa-
tion calls for it (Hirota and others 2011). Therefore, it is
imperative that further research is directed to identifying the
cells that are responsible for activating naı̈ve T cells into any
particular phenotype to develop a successful treatment strategy
for blocking disease progression entirely.

Ag presentation to T cells in autoimmune
inflammation

Ag presentation is a critical event involved in the genera-
tion of protective T cell responses against infectious agents or
tumor cells, and of pathogenic, autoreactive T cell responses
against self-Ags (Murphy 2008). Ag presentation requires
interaction between the TCR and the processed antigenic
peptides bound to MHC molecules on the surface of APCs.
Studies in both EAE and MS have implicated oligodendro-
cytes, the myelinating cells of the CNS, and neuronal axons
as the main targets of the inflammatory response associated
with disease pathology. However, it is still unresolved which
cells are the most potent APCs and whether, where, and why
the initiation of autoimmune disease pathology begins in
the CNS.

In EAE, the immune response is initiated in the secondary
lymphoid tissues and the CNS becomes a target of that re-
sponse, indicating that this scenario may also be similar in
the human disease. It has also been proposed that an
immune response can be initiated within the CNS and that
infiltration of immune cells is merely a response to processes
that occur in the CNS (Becher and others 2000b; Bailey and
others 2007). This possible course of pathology has been
demonstrated by the Theiler’s murine encephalitis virus
(TMEV) model of MS. In this model, persistent infection by a
member of the nonenveloped Picornaviridae family (Brahic
and Roussarie 2009) results in immune system-mediated
CNS demyelination similar to that in MS (Vanderlugt and
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Miller 1996; Miller 1997). TMEV is only neurotropic in mu-
rine models, so it likely does not fully represent the disease
course in humans; however, the idea that a viral infection can
initiate an immune response against the CNS poses intrigu-
ing questions. If autoimmunity does not require peripheral
APCs to present autoantigens to naı̈ve T cells, then which
cells are acting as APCs in the CNS and under what condi-
tions did these APCs acquire the Ag? These questions will be
the primary focus of this review.

Potential APCs in MS and EAE

In general, for APCs to activate T cells within the CNS,
multiple signals must be engaged. The first is an Ag-specific
signal provided by the engagement of the TCR on the surface
of CD4 + T cells with an MHC-II molecule on the surface of
the APC ( Janeway and Golstein 1992). Evidence for this
was shown in the EAE model where activated T cells were
reactivated within the subarachnoid space on encounter with
cognate Ag during early stages of the disease (Kivisäkk and
others 2009). The second is an Ag nonspecific co-stimulatory
signal that involves the interaction of different T-cell surface
receptors with their respective ligands on APCs (Lenschow
and others 1996; Lanzavecchia 1997) If a T cell interacts with
an APC that is presenting Ag through MHC class II but does
not express the appropriate co-stimulatory molecules, then
the autoreactive T cell will actually be deactivated through
apoptosis or anergy (Kishimoto and Sprent 1999). Important
co-stimulatory molecules on the APC belong to the B7 family
of molecules, predominantly CD80/B7.1 and CD86/B7.2 and
their associated receptors on lymphocytes (Salomon and
others 2001; Greenwald and others 2002) which regulate
T cell activity for either stimulation (CD28) or inhibition
(CTLA), respectively (Karandikar and others 1996; Sansom
2000). Activated T cells also transiently express CD154
(CD40L, gp39), which is the natural ligand for CD40. CD40 is
a member of the tumor necrosis factor-R (TNF-R) super-
family and is expressed by dendritic cell (DC), B cells, mac-
rophages, and endothelial cells (Banchereau and others 1994;
Foy and others 1996). CD40/CD154 interactions have been
shown to be crucial for the development of humoral as well
as cell-mediated immune responses. Transgenic animals with
defective CD40/CD154 interactions do not develop EAE,
and CD154 antagonist can inhibit ongoing EAE induced by
adoptive transfer as well as active immunization (Gerritse
and others 1996; Howard 1999).

APCs also secrete cytokines such as IL-12, IL-4, and IL-23,
which are potent differentiation factors into the Th1, Th2, or
Th17 phenotypes, respectively, of CD4 + T helper cell popu-
lations and therefore APCs regulate and direct the T cell re-
sponse. Cytokine production by APCs is tightly regulated
(Trembleau and others 1995; Ma and others 1996). For ex-
ample, TNF-a has been reported to be required to drive IL-12
production (Flesch and Kaufmann 1995). Therefore, for a cell
to be a successful APC it must produce pathogenic cytokines
in addition to possessing MHC-loaded Ag and co-stimulatory
factors at the right time and the right place.

Microglia

Substantial evidence points to microglia as the potential
primary candidate for immune activation in the CNS by a
tissue-resident cell population. It is well accepted that mi-
croglia do not arise from a neuroectodermal progenitor but

from a hematopoietic precursor that colonize the CNS during
development. In the first few postnatal weeks these mono-
cytes develop an increasingly complex morphology as they
differentiate to form microglia. Microglia are believed to play
an important role in CNS remodeling during the develop-
mental process, but their function in the adult CNS is not
fully understood. Unfortunately, one of the complicating
factors in the efforts to describe the behavior of microglia in
the naı̈ve brain, or under inflammatory conditions, is the lack
of consensus regarding cell-type-specific markers that can
be used to distinguish this CNS-resident population from
infiltrating myeloid-derived cells arriving from the periph-
ery. As a result, one of the major questions in the field today
is determining which population of cells is responsible for
the Ag presenting mechanism driving the pathogenesis be-
hind MS and EAE. Almolda and others recently showed that
along the different phases of EAE both MHC class I and II
molecules co-localized with 2 different markers of microglial
cells, IBA1 (Ito and others 1998) and TL (Acarin and others
1994; Almolda and others 2010). F4/80 is one marker that
has been used to identify tissue-resident macrophages such
as microglia (Austyn and Gordon 1981) although the dif-
ferential staining of CD11b + /CD45hi (circulating macro-
phages) and CD11b + CD45lo (microglia) has proven to be
useful for determining cellular origin as well. The pattern
recognition receptor CD14 has also been suggested to serve
as a de novo activation marker for human microglia (Becher
and Antel 1996; Becher and others 1996).

Despite these uncertainties, within the CNS parenchyma,
the microglia appear to be the most capable to initiate and
sustain a T cell-mediated immune response (Carson and
others 1998; Fischer and Reichmann 2001). Along these lines,
among the tissue-resident cell populations in the CNS, only
microglia appear to have the necessary machinery to process
and present Ag. Several studies have shown microglia as the
only CNS-resident cells that possess mature immunoprotea-
some expression, a specialized multicatalytic protease com-
plex believed to be involved in the generation of peptides
presented as Ag in MHC molecules (Stohwasser and others
2000), which appears to be upregulated in the presence of
lipopolysaccharide (LPS) or IFN-g. In humans, both paren-
chymal microglia and perivascular microglia/macrophages
have been shown to constitutively express MHC II within the
CNS in normal nonpathologic conditions (Gehrmann and
others 1993; Bo and others 1994; Ulvestad 1994; Williams
and others 1994b; Becher and Antel 1996). Under virtually all
inflammatory conditions, parenchymal microglial cells rap-
idly upregulate MHC class II expression, suggesting that they
participate in the Ag presentation process that occurs during
the inflammatory process. Microglia express MHC class II in
different EAE models in both rats (Craggs and Webster 1985;
Matsumoto and Fujiwara 1986; McCombe and others 1992,
1994) and mice (Lindsey and Steinman 1993; Pope and others
1998; Juedes and Ruddle 2001; Ponomarev and others 2005).

CNS perivascular macrophages have been demonstrated
to be competent APCs by both in vitro and in vivo studies.
In the rat, perivascular macrophages were found to support
significantly greater proliferation of myelin basic protein
(MBP)-reactive CD4 + T cells compared to the capacity of
parenchymal microglia isolated from the same animals (Ford
and others 1995). Additionally and in contrast to resident
parenchymal microglia, perivascular cells are frequently re-
populated by bone marrow-derived monocytes. Perivascular
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APCs are important for the homing of MBP-reactive T cells
into the CNS (Hickey and Kimura 1988). Depletion of mac-
rophages using toxin-loaded liposome treatment inhibits the
onset of EAE (Tran and others 1998) and results in depletion
of perivascular macrophages and accumulation of inflam-
matory T cells in the perivascular areas but not infiltration
into the parenchyma. Thus, it is conceivable that parenchy-
mal microglia initiate the inflammatory cascade, and peri-
vascular microglia/macrophages perpetuate it. However, at
this time most of the available data support the idea that
initiation of T cell reactivation occurs in the choroid plexus
or meninges.

Several co-stimulatory molecules are found on microglia
as well (Miller 1995; Hurwitz and others 1997; Karandikar
and others 1998; Perrin and others 1999; Chang and others
2000b, 2003; Girvin and others 2000). Human microglia
in situ in MS lesions express B7.1 (Williams and others 1994a;
Windhagen and others 1995). Using microglia isolated from
the noninflamed human CNS, it was later shown that the
pattern of B7.1-2 expression is similar to that seen in pro-
fessional Ag-presenting DCs, in that B7.2 is constitutively
expressed by human microglia and B7.1 can be induced
upon their activation (Becher and Antel 1996). Microglial
cells in MS lesions have also been shown to express CD40
(Gerritse and others 1996).

Microglia are one of the most important cells in the CNS
cytokine network. Microglia are known to produce IL-1, IL-5,
IL-6, TNF-a, and transforming growth factor-b (TGF-b)
and respond to several other cytokines such as granulocyte
macrophage colony-stimulating factor (GM-CSF), IL-4, TGF-
b, and IFN-g (Sawada and others 1995). Human (Windhagen
and others 1995; Becher and others 1996) and mouse (Aloisi
and others 1998) microglia are potent producers of IL-12 and
can therefore act as regulators of Th1 differentiation. Early
response inflammatory mediators produced by microglia
include proinflammatory cytokines (IL-1B, TNF-a, and IL-6)
that can permeabilize the blood-brain barrier (BBB) as well as
chemokines (Mip-1a, IP-10, etc.) a complex family of mole-
cules that are involved in the regulation of immune cell
migration (Pan and others 1997; Utans-Schneitz and others
1998). Microglia are a potent source of TNF-a, and Becher
and others (2000a) showed that TNF-a levels increase rapidly
after CD40 engagement and only hours later IL-12 is pro-
duced, providing further evidence that cytokines are tightly
regulated in microglia as they are in professional APCs.
Additionally, TGF-b and IL-2 can also be produced by mi-
croglia and together these cytokines are believed to drive Th
cells into a regulatory phenotype. The production of IL-23 by
microglia is especially intriguing, as it has recently been
shown that microglia also express its receptor, IL-23R, impli-
cating that it may function in an autocrine manner to enhance
the IFN-g-induced signal transducer and activator of tran-
scription 1 phosphorylation and subsequent cytokine pro-
duction (Sonobe and others 2008), particularly of IL-17. IL-17
induction by microglia could mean that they are capable
of orchestrating a stronger immune response than previously
appreciated and contributing significantly to autoimmune
disease such as EAE/MS (Kawanokuchi and others 2008).

Taken together, these studies indicate that microglia have
the potential to participate in Ag presentation and T cell
activation in the CNS and therefore may be crucial for the
development of EAE and MS. However, it remains to be
determined if microglia do indeed play this role as so far it is

unknown under what conditions, if any, microglia process
and present myelin Ags in situ in the CNS or at what point in
the disease process this may occur. Furthermore, the factors
that regulate microglia activation and effector function need
better refinement. For example, how do CD4 + T cell-derived
pro- and anti-inflammatory cytokines regulate microglia,
both perivascular and parenchymal? Lastly, it is unclear if
microglia can activate naı̈ve T cells in situ, as has been sug-
gested for DCs. The vast majority of studies related to this
topic have predominantly focused on the status of microglia
at the peak of acute inflammatory conditions, which has
provided a great deal of useful information. However, to
further pinpoint mechanisms of disease initiation or pro-
gression, it would be beneficial to have a complete picture of
microglial activity over the entire disease course.

Dendritic cells

DCs are considered the archetypical professional APCs
because they continuously capture and present Ag to T cells,
but very little is known about their role in the CNS. Like
microglia, DCs begin their life as hematopoietic bone marrow
progenitor cells. However, rather than extravasating into tis-
sues and becoming morphologically distinct tissue-resident
cells, DCs continue to circulate in the periphery, constantly
sampling their surrounding environment for pathogens such
as bacteria or viruses. Once they have come into contact with
presentable Ag, they mature and migrate to the spleen or
lymph nodes where they activate T cells.

Despite that DCs are not CNS-resident cells, they have
been found in the lesions of MS patients (Greter and others
2005; Serafini and others 2006; Lande and others 2008), in-
dicating that they do play a role in disease pathology.
Therefore, an important question is where peripheral DCs
encounter the CNS-specific Ag.

The exact lineage divergence of DCs from monocytes is
still unclear, and the use of antibody recognition of cell-type-
specific surface markers has demonstrated that diverse het-
erogeneity exists among hematopoietic-derived progenitors.
It has been proposed that 2 major subsets of conventional
myeloid-derived DCs (mDCs) can be defined based on the
differential expression of the C-type lectins CD205 (DEC205)
and DCIR2 (33D1) as well as the glycoprotein CD8 (Iyoda
and others 2002; Shortman and Liu 2002; Dudziak and others
2007). A recently described class of plasmacytoid DCs
(pDCs) that are morphologically similar to plasma cells but
share many characteristics with mDCs appear to arise from a
common progenitor of monocytes and classical DCs now
referred to as the macrophage and DC precursor (McKenna
and others 2005). A complex characteristic surface phenotype
(Lin- cKithi CD115 + Flt3 + ) was used to distinguish cells
from this lineage in contrast to the common DC precursor
lineage (Lin- cKitlo CD115 + Flt3 + ) (Naik and others 2007;
Onai and others 2007), further emphasizing that we have a
long way to go before we fully understand the complete
differentiation pathway of hematopoietic stem cells pro-
duced in the bone marrow into functional APCs.

As a result, most studies describing the specific activities
of microglia/macrophages and/or DCs need to be evaluated
in the broader context of overlapping phenotypes and
functions. Recent studies have reported that a specific pop-
ulation of DCs infiltrates the CNS in EAE rats (Matyszak and
Perry 1996; Serafini and others 2000) and plays a central role
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in Ag presentation in murine EAE models (Greter and others
2005; Bailey and others 2007), opening the possibility that
DCs can also be involved in the mechanism of Ag presen-
tation in this acute model. In one study, mice with MHC II
expressed only on DCs developed EAE similar in onset and
severity to wild-type mice, indicating that DCs have the ca-
pability to present myelin Ag to pathogenic T cells even in
the absence of Ag presentation by other functional APCs
(Greter and others 2005). However, it has also been sug-
gested that microglial cells are a population of tissue-resident
immature DCs (Carson and others 1998; Almolda 2011) that,
when activated under particular circumstances, may acquire
a mature DC phenotype (Fischer and Reichmann 2001;
Santambrogio and others 2001). Recent studies have shown
that a subpopulation of microglial cells constitutively express
CD11c (Bulloch and others 2008), an integrin frequently
used as a cell-specific marker of DCs. Additionally, CD1,
an immature DC marker (Serafini and others 2006), is also
expressed by a set of CD11b+ or TL+ cells that morphologi-
cally appear to be an early monocyte/macrophage/microglia
population (Almolda and others 2010). Although pDCs are
widely viewed as capable of providing only immunomod-
ulatory support, recent evidence suggests that they may ex-
press MHC II and secrete pro-inflammatory cytokines
(Villadangos and Young 2008). More recently, mDCs have
been shown to be capable of perpetuating CNS targeted
autoimmunity when Ags are readily available, but other
APCs are required to efficiently initiate pathogenic cognate
CD4 + T cell responses (Wu and others 2011).

As professional APCs, DCs are capable of communicating
with other cells via direct contact through ligand–receptor in-
teractions as well as from a distance through cytokine signal-
ing, primarily to induce T cell differentiation and expansion.
DCs secrete proinflammatory cytokines to activate T cells into a
particular effector phenotype and also possess cytokine re-
ceptors in order to respond to stimulation from their environ-
ment. Immature DCs respond to IFN-g strongly and quickly
change their gene expression to upregulate transcription of
genes related to migration and Ag presentation. Once a DC
becomes activated, it upregulates the chemokine receptor
CCR7 upon activation, which induces them to travel through
the bloodstream to the spleen or through the lymphatic system
to a lymph node where they present Ag to T cells. Activation
also results in upregulation of costimulatory molecules and
proinflammatory cytokines such as IL-12, which directs the Th1
response. After their migration, DCs would have to infiltrate
the CNS to present myelin-Ag to primed, autoreactive T cells
for them to gain full effector function. It was previously be-
lieved that T cells infiltrate the CNS parenchyma via meningeal
vessels; however, recent evidence has pointed to an alternative
path of entry via vessels of the choroid plexus and it is possible
that DCs follow this route as well.

Potential Sites of T Cell–APC Encounters
and Neuroantigen Presentation

The CNS is comprised of the brain and spinal cord, which
are encased in bone and a 3-layer membrane referred to as
dura mater, arachnoid mater, and pia mater from outside to
inside (Ransohoff and others 2003), which are bathed and
nourished by cerebrospinal fluid (CSF). The BBB is an effi-
cient physiological checkpoint for regulation of CNS bio-
chemical homeostasis and filtering out of blood-borne

infections from entering the CNS, but in doing so, it also
cordons off peripheral immune surveillance. This was his-
torically looked upon as a benefit, as a robust immune attack
on nonreplicating viral-infected neurons might cause signif-
icantly greater damage than the infection itself, a fatal risk
that such a vital organ system cannot afford to take. Highly
regulated Ag presentation to infiltrating T cells along with
the lack of a conventional lymphatic drainage system in the
CNS, in addition to constitutive neurotrophin and TGF-b
secretion, have all been proposed as key factors responsible
for maintaining this immunological quiescence (Dorries
2001). However, there is evidence that in healthy individuals
activated memory T cells enter the CSF directly from the
systemic circulation and monitor the subarachnoid space
retaining the capacity to initiate local immune reactions
(Kivisakk and others 2003). Therefore, immune surveillance
from the point of view of T cells and myeloid cells is po-
tentially involved in disease initiation.

As pointed out earlier, auto-aggressive CD4 + T cells in-
filtrating the CNS most likely received their primary stimu-
lation in the immune periphery. Upon entry to the CNS, it is
necessary for their full activation that they re-encounter an
MHC class II-bearing APC carrying their target Ag. This Ag
presentation could conceivably be conducted by peripheral
macrophages, resident microglia or DCs, or other cells with
similar Ag presenting properties such as B cells. Answering
this question is complicated by a lack of definite cell-specific
markers for CNS intrinsic or extrinsic APC populations al-
though some markers have been suggested, including recently
the chemokine receptors CCR2 and CX3CR1 to differentiate
inflammatory macrophages from resident microglia (Geiss-
mann and others 2003; Saederup and others 2010). A funda-
mental question that has thus far not been addressed is where
and under what conditions APCs acquire neuroantigens for
MHC II-restricted presentation to CD4 + T cells. Therefore,
answering this question may provide clues to solving the
puzzle of the role and importance of specific APCs in the con-
text of demyelinating diseases such as MS.

Possible anatomic locations for the activation of T cells
responsive to myelin Ags include both peripheral lymphoid
organs, such as the spleen or deep cervical lymph nodes,
where myelin debris might accumulate (Hochwald and
others 1988; Yamada and others 1991; Ling and others 2003;
Karman and others 2004) and the CNS, where myelin epi-
topes might be processed and presented by the resident
microglia, infiltrating macrophages (Hickey and Kimura
1988; Katz-Levy 2000; Mack and others 2003) and/or DCs
(Serafini and others 2000; Fischer and Reichmann 2001). It
has also been shown that naı̈ve T cells might be able to gain
access to the inflamed CNS, potentially bypassing the need
for activation in peripheral lymphoid sites (Krakowski and
Owens 2000; Greter 2005; McMahon 2005).

Although research predominantly focuses on white matter
locations, MS patients also develop gray matter lesions
and cortical demyelination plays an important role in the
pathology of MS (Brownell and Hughes 1962; Lumsden
1970; Kidd and others 1999; Peterson and others 2001; Bo and
others 2003; Kutzelnigg and Lassmann 2005). Microglia are
stationed throughout the normal adult brain, although sub-
stantially more are located in gray matter than white.
Because current research indicates that gray matter is af-
fected first in MS and EAE, it is possible that microglia in this
region are the first to initiate the Ag presentation signal in the
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disease context. There is more evidence of vascular changes
than glial involvement in gray matter lesions when com-
pared with white matter lesions, suggesting that one possible
mechanism during injury or infection consists of microglia
presenting Ag in the gray matter to incoming peripheral
macrophages, which then can travel to cervical lymph nodes
to recruit lymphocytes and professional APCs to intensify
the immune response and enhance cleanup of the CNS.
Thus, while research using models established so far indi-
cates that initiation of T cell reactivation more often occurs in
the choroid plexus or meninges, it may be useful to consider
alternative locations.

Contribution of CNS-Resident Cells
to Immune-Mediated Demyelination

Disease symptoms of MS arise from the demyelination of
neuronal axons; therefore, this is likely to be the primary
location of neuroantigen release. To fully understand the
mechanisms underlying this event, it is important to examine
the potential contribution of CNS-resident cells inherently
involved in the synaptic microenvironment affected by im-
mune-mediated demyelination (Table 1).

Neurons

Neuronal axons of all vertebrates are myelinated (Bullock
and others 1984) to allow for rapid impulse propagation.
In MS the demyelination caused by inflammatory lesions
impairs neuronal signaling and communication in the CNS.
Although neurons are thought of as passive bystanders
during viral infection or traumatic injury, recent evidence
suggests that extracellular insult causes neurons to express
immune factors characteristic of lymphoid tissues and
therefore potentially contribute to immunoregulation in the
CNS (Chakraborty and others 2010). Furthermore, damaged
neurons release many factors into the surrounding micro-
environment that can have an effect on CNS-resident or
infiltrating cells. For example, damaged or overactive neu-
rons release nucleotides such as ATP (Wang and others 2004)
or UDP (Koizumi and others 2007) and microglia express
several receptors whose nucleotide binding activity can
trigger a variety of cellular responses both in vitro and in vivo

(Honda and others 2001; Suzuki and others 2004; Davalos
and others 2005; Haynes and others 2006; Inoue 2006;
Koizumi and others 2007; Ohsawa and others 2007). P2Y6
receptors on microglia have been associated with phagocytic
activities that are upregulated in vivo after neuronal damage
(Koizumi and others 2007). Excessive glutamate levels are
associated with neurodegeneration (Farber and others 2005)
and although free glutamate directly leads to neuronal death
it may also serve as an activation signal for microglia (Pocock
and Kettenmann 2007), who express a variety of glutamate
receptors (Biber and others 1999; Hagino and others 2004;
Taylor and others 2005). Matrix metalloproteinases (MMPs)
are proteolytic enzymes that may be released from neurons
undergoing apoptosis and recombinant MMP-3 causes mi-
croglial cultures to release the cytokines TNF-a, IL-6, IL-1b,
and the IL-1 receptor antagonist IL-1Ra (Kim and others
2005, 2007). Damaged neurons have even been shown to
release chemokines (Erichsen and others 2003; Dijkstra and
others 2004; Limatola and others 2005), which suggests that
upon insult or injury neurons use both short distance and
long distance communication to call for help.

All neuronal signaling methods mentioned result in mi-
croglial activation and less likely affect CNS homing T cells
directly. Thus, substantial evidence indirectly implicate mi-
croglia as the main immunological mediator in the CNS,
although thus far no one has been able to directly demon-
strate the cascade of events that occur in complex neuro-
inflammatory conditions such as MS, which is necessary
to advance successful therapeutic modalities. Importantly,
neurons themselves are not capable of Ag presentation via
MHC class II molecules and must therefore signal via an-
other cell in order for CD4 + T cells to become activated and
mediate pathology. Whether this particular role is played by
microglia remains to be determined.

Oligodendrocytes

Oligodendrocytes are the myelinating cells of the CNS.
The myelin sheaths are protein- and lipid-rich structures that
stabilize, protect, and electrochemically insulate axons. They
are an extension of oligodendrocytes and both the cell body
and the sheaths are main targets of infiltrating immune
cells in EAE and MS along with neurons. Oligodendrocytes

Table 1. Characteristics of Cells Potentially Contributing to Disease Pathogenesis

in Multiple Sclerosis and Experimental Autoimmune Encephalomyelitis

Cell type Characteristic features
Potential contribution to

MS/EAE

Parenchymal microglia MHC class II, PRRs, co-stimulatory molecules, immunoproteasome
machinery, pro-inflammatory cytokines

APC, disease initiation

Peripheral microglia/
macrophages

MHC class II, PRRs, co-stimulatory molecules, immunoproteasome
machinery, pro-inflammatory cytokines

APC, disease initiation or
progression

Myeloid-derived DCs MHC class II, PRRs, co-stimulatory molecules, immunoproteasome
machinery, pro-inflammatory cytokines

APC, disease progression

Plasmacytoid DCs MHC II (inducible), PRRs, pro-inflammatory cytokines APC, immunoregulation
neurons PRRs, pro-inflammatory cytokines Immunoregulation

Astrocytes MHC class II (inducible), PRRs (TLR3 only), pro-inflammatory cytokines Immunoregulation
Vascular endothelial

cells
MHC class II (inducible), co-stimulatory molecules (inducible) Immunoregulation

DC, dendritic cell; MS, multiple sclerosis; EAE, experimental autoimmune encephalomyelitis; TLR3, toll-like receptor 3; APC, antigen
presenting cell; MHC, major histocompatibility complex; PRR, pattern recognition receptor.
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myelinate several axons simultaneously (Nave 2010); there-
fore, it is important to understand what effects immune-
mediated demyelination has on the entire microenvironment
of a lesion area including the cell body as well as the sheaths
that it produces. From animal studies it has been shown that
myelin is formed by oligodendrocytes that are derived from
morphologically complex oligodendrocyte precursor cells
(OPCs) that can be distinguished by their expression of the
proteoglycan protein NG2. However, the life cycle of OPCs is
still not well understood (Richardson and others 2006;
Trotter and others 2010), and although remyelination can be
observed as a result of OPC activation under noninflamma-
tory conditions, this population of cells appears to be rela-
tively quiescent in MS due to a blockade of oligodendrocyte
differentiation and maturation processes (Scolding and oth-
ers 1998; Wolswijk 1998; Chang and others 2000a, 2002;
Kuhlmann and others 2008) perhaps due to a block in ERK2
signaling (Fyffe-Maricich and others 2011), an avenue that is
also currently being explored in our laboratory. Mature oli-
godendrocytes generate myelin by enveloping axons with
their own cell membrane in a spiral shape, which eventually
becomes a multilayered sheath covering a long segment of
axon (Nave 2010). In the CNS, compact myelin has been
shown by electron microscopy to have a periodic ultra-
structure which requires the expression of structural pro-
teins such as MBP, myelin oligodendrocyte glycoprotein
(MOG), and proteolipid protein. The functions of most
myelin-associated proteins, which have only recently been
identified by proteomics ( Jahn and others 2009), are not well
understood. It is clear that that they can be presented as Ags
and that autoreactive T cells specific to these and other less
well-studied Ags play a key role in driving demyelinating
pathogenesis. Although oligodendrocytes produce and con-
tain myelin, they cannot present it as an Ag to pathogenic
CD4 + T cells because they do not constitutively express
MHC class II (Wong and others 1984) and cannot be induced
to in vitro either. Nevertheless, they likely play a significant
role in the release of self-Ags for the capture and presenta-
tion by neighboring microglia.

Although oligodendrocytes are not believed to secrete
cytokines to initiate an immune response, they do have the
capability to respond to cytokines in their microenviron-
ment. For example, both IL-1b and IL-1b receptor are con-
stitutively expressed in the CNS by oligodendrocytes and
IL-1b inhibits OPC proliferation and enhances the survival
of mature MBP + oligodendrocytes (Vela and others 2002).
IL-6R is present on oligodendrocytes and binding of IL-6
supports oligodendrocyte differentiation and survival
(Pizzi and others 2004, Valerio and others 2002). Of par-
ticular interest, IFN-g protects against myelin damage in
a cuprizone-induced demyelination animal model (Gao
and others 2000), whereas ectopic overexpression of IFN-g
in the retina protects against neurotropic viral infections
but leads to CNS demyelination (Geiger and others 1994),
although the exact mechanism of this differential protection
remains undetermined.

Vascular endothelial cells

Cerebral microvascular endothelial cells have a unique
anatomical location between circulating T cells and the extra-
vascular sites of Ag exposure. Endothelial cells, unlike peri-
vascular microglia, do not constitutively express MHC class

II molecules in vivo or in vitro; however, they can be induced
to do so ( Jemison and others 1993; Prat and others 2000).
Furthermore, murine brain endothelial cells are reported to
process and present MBP and can induce the proliferation of
sensitized T cells (McCarron and others 1986). The induc-
ibility of MHC II molecules on brain endothelium by IFN-g
has been linked to the activation of the MHC-II transacti-
vator (CIITA) and seems to correlate with EAE susceptibility
(Nikcevich and others 1997). In EAE, expression of MHC II
molecules on endothelial cells increases before immune cell
infiltration of the brain (Sobel and others 1984), suggesting
that this may be a significant event during brain inflamma-
tion. Human and mouse endothelial cells express B7 mole-
cules in culture when stimulated with IFN-g (Prat and others
2000). However, two different labs both failed to induce T
cell proliferation with brain endothelial cells in two different
models of Ag presentation (Risau and others 1990; Prat and
others 2000). It is well established that T cells invade tissues
by extravasating through vascular endothelial cells via in-
tegrin receptors such as VCAM-1; thus, it is this interaction
that is targeted by the MS drug natalizumab. Endothelial
cells can also secrete CSFs and could therefore potentially
participate in the activation or proliferation activities of CNS-
resident microglia or perivascular macrophages and possibly
even extravasating immune cells. Therefore, vascular endo-
thelial cells can contribute to the cytokine microenvironment,
but it remains unclear if they can activate T cells in the CNS.

Astrocytes

Astrocytes are the link between the BBB and the CNS,
providing structural support for neurons and isolating syn-
apses into microenvironments and aiding in the smooth
transmission of neural messages (Barker and Ullian 2010). It
is well accepted that they have a role in regulating CNS
immunity (Nair and others 2008); however, their contribu-
tion and capacity to present Ag and activate T cells are still
controversial. Astrocytes can contribute significantly to the
cytokine crosstalk in the CNS because they can produce
many of the same cytokines as microglia and DCs. Astro-
cytes also secrete the cytokine leukemia inhibitory factor that
promotes the myelinating activity of oligodendrocytes when
they detect extracellular ATP (Ishibashi and others 2006) and
have been shown to exhibit phagocytic activity (Sellers and
others 2009) in an injured brain. Human and murine astro-
cytes only express 1 toll-like receptor (TLR) constitutively,
TLR3, which detects double-stranded RNA (dsRNA) com-
mon to viruses (Farina and others 2005; Jack and others 2005;
Scumpia and others 2005), and its upregulation can be trig-
gered by IFN-g, a T-cell derived cytokine, or IL-1b, which
is produced by microglia (Farina and others 2005). Poly I:C
stimulation, which synthetically mimics dsRNA, induces
upregulation of TLR2-4 in vitro as well as several growth and
neuroprotective factors ( Jack and others 2005; Scumpia and
others 2005; Bsibsi and others 2006; Rivieccio and others
2006). Even though astroglia do not express detectable
amounts of MHC II under normal conditions, they can be
induced to do so by stimulation with IFN-g (Fontana and
others 1984; Fierz and others 1985; Takiguchi and Frelinger
1986), although this appears to favor induction of T cell an-
ergy rather than effector activation (Matsumoto and others
1992; Ulvestad 1994; Williams and others 1995), which is
consistent with a lack of co-stimulatory molecules (Satoh and
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others 1995). Astrocytes have also been shown to express B7
upon stimulation with IFN-g in mice and can therefore
present Ag to naı̈ve T cells under certain conditions (Tan and
others 1998), although this implies that an already activated
T cell is giving the signal to the astrocytes and that another
cell type must be responsible for initiating the cascade. Thus,
it has remained unclear to what extent astrocytes can process
and present protein Ags via MHC II (Kort and others 2006).

Potential Conditions of Neuroantigen Release

An important factor to consider in understanding the
disease course of immune-mediated demyelination is the
conditions in which CNS Ags are made available to APCs.
Cells with compromised membrane integrity release their
contents into the environment causing extracellular debris,
making it possible that neuroantigen release could arise from
several potential scenarios such as a proinflammatory cyto-
kine environment created by infection with neurotropic
pathogens, synaptic remodeling via neuronal apoptosis, or
even normal oligodendrocyte/myelin turnover.

Over the past decade, extensive studies on members of the
membrane-bound TLRs and cytosolic retinoic acid-inducible
gene-like receptors have characterized these proteins to play
a central role in specific sensing of foreign pathogens for
initiating immune responses in the host cells. CD14 is the
primary receptor for LPS, a cell-wall component of gram-
negative bacteria, and once complexed together they bind to
TLR4, a mechanism that has also been shown to be involved
in the recognition of apoptotic cells, and therefore to stimu-
late the phagocytic machinery of mononuclear phagocytes
(Devitt and others 1998). The flipping of phosphatidylserine
from inner to outer leaflet of the cell membrane is one signal
that has been shown to be recognized by microglia (Fadok
and others 1992; Koopman and others 1994; Martin and
others 1995; Kulprathipanja and Kruse 2004). Pattern recog-
nition receptors have also been shown to be engaged and to
signal microglia activation in response to peptides originat-
ing from misfolded proteins as well (ElKhoury and others
1996). Parenchymal microglia share many molecular struc-
tures with phagocytic macrophages and it has been elegantly
demonstrated that microglia are constantly extending and
retracting their processes performing tissue surveillance in
the nervous system (Thomas 1992; Hickey 2001). Microglia
have been shown to phagocytose dead cells and clear the
cellular debris in brain slices (Brockhaus and others 1996;
Czapiga and Colton 1999; Petersen and Dailey 2004). Thus,
microglial cells in particular have the ability to not only
recognize foreign structures, but also initiate an inflamma-
tory cascade upon encountering dying or damaged cells.

Neurotropic viruses are likely to follow the general routes
of viral entry into the body from extraneural sites, and
therefore virus-recognizing immune cells are first activated
in regional peripheral lymph nodes (Savarin and others
2008), thereby supporting the possibility that the adaptive
immune responses are initiated against neurotropic viruses
even before innate mechanisms are triggered in the CNS
upon infection (Griffin 2003; Bergmann and others 2006).

One highly proposed mechanism for the induction of au-
toimmune diseases is molecular mimicry, in which viruses
express Ags that mimic host proteins (Karlsen and Dyrberg
1998). It is proposed that neuroantigens that share homology
with viral envelope (Oldstone and VonHerrath 1996; Talbot

and others 1996; Monteyne and others 1998) might misdirect
an immune response against self-Ags, or native proteins. It
has been hypothesized that MS can be triggered by this
mechanism (Oldstone 1987) and in support of this, T cells
derived from HLA-DR2 + MS patients respond to both my-
elin-derived peptides and peptides from common viruses
such as herpes simplex virus, adenovirus, Epstein-Barr virus
(EBV), and influenza type A virus (Wucherpfennig and
Strominger 1995). Although molecular mimicry is theoreti-
cally attractive, and some structural similarity has been
shown between at least one autoantigen (MBP85-99) and an
epitope from an infectious agent (EBV627-641) (Lang and
others 2002), no specific pathogen has been conclusively
identified as a trigger of MS. Importantly, the fact that a
neurotrophic virus can induce an autoimmune response
supports the idea that endogenous cells of the CNS can
present Ag and stimulate the adaptive immune system.

In TMEV, the initial CNS endogenous response against the
virus possibly generates a minor degree of tissue destruction
that would lead to the release of neuroantigens that in turn
could be recognized by autoreactive T cells, either within the
CNS or in regional lymph nodes, although this is not known
for sure. These T cells can then be recruited to the target
tissue (CNS) and drive the inflammatory process even fur-
ther, a process called ‘‘epitope spreading’’ (Lehmann and
others 1992; Vanderlugt and Miller 1996). In this process, the
immune response spreads to Ags other than those that ini-
tiated the disease response. Although the functional signifi-
cance of epitope spreading has been shown in mouse models
of EAE and suggested in MS itself, very little is known about
the anatomic location of epitope spreading or the APC
population(s) involved.

Contactin-2 (CNTN2) is a glycosylphosphatidylinositol
(GPI)-anchored neuronal membrane protein that has been
proposed as an unconventional CNS autoantigen (Derfuss and
others 2009) that could potentially contribute to demyelination
despite it not being a component of myelin itself. CNTN2-
specific T cells preferentially caused gray matter damage sim-
ilar to that seen in early MS. Interestingly, this cannot cause
lesions on its own as introduction of MOG-specific T cells can;
however, the authors suggest that the inflammatory response
in gray matter was associated with BBB damage since co-in-
jection of anti-MOG mAb initiated demyelination in the CNS
that was not seen in wild-type mice.

Neuroantigen release could occur in the context of normal
cellular maintenance, particularly of oligodendrocytes, since
they are producing the myelin sheath. However, the dynamics
of myelin or even oligodendrocyte turnover remain elusive.
Recently, a genetic model of oligodendrocyte loss has been
developed and initial studies have shown that acute loss of
adult oligodendrocytes leads to large amounts of extracellular
myelin debris (Takahashi and others 2007) as well as myelin
vacuolation in Iba-1 + microglia/macrophages (Pohl and
others 2011). However, these authors did not report any sig-
nificant accompaniment of infiltrating T cells. Because there
was an absence of blood-derived serum proteins in the brain
tissue, they attribute the lack of T cell infiltration to an intact
BBB, implying that an initial BBB-compromising event must
coincide with phagocytic myelin debris cleanup in order to
produce the symptoms of EAE and MS.

In some cases, a rise in viral titers in the CNS causes alter-
ations in integrity of the BBB and microglial activation in the
host, even in the absence of clear clinical signs of disease (Fabis
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and others 2008). dsRNA is a conserved molecular pattern re-
tained by many viruses, and therefore it can be considered a
viral pathogen-associated molecular pattern (PAMP). Poly I:C
is a synthetic analogue of viral dsRNA that is recognized by
TLR3 (Alexopoulou and others 2001). Downstream signaling
through TLRs activates interferon regulatory factors and nu-
clear factor kB that leads to the production of type I IFNs (IFN-a
and -b) as well as pro-inflammatory cytokines that directly
stimulate antiviral actions and modulate adaptive immune
responses (Kawai and Akira 2006). While virus-infected cells
release IFN-a/b, activated NK cells and CD8+ and CD4 + cells
produce IFN-g (Rottenberg and Kristensson 2002). Since the
entry of these cells into the CNS is minimal under normal cir-
cumstances, IFN-g is usually not detectable in the brain (Fabry
and others 1994); however, IFN-g expression rises rapidly in
acute inflammatory reactions caused by viral infection (Binder
and Griffin 2001).

The role of IFN-g in protecting the CNS and promoting
viral clearance has been described for neurotropic viruses
(Patterson and others 2002a, 2002b; Rodriguez and others
2003; Hausmann and others 2005; Shrestha and others 2006)
and infected neurons have been shown to respond to IFN-g
by lowering viral replication through both viral protein and
RNA synthesis interference (Burdeinick-Kerr and Griffin

2005). Early reports have mainly discussed the beneficial
effects of IFN-g on the survival (Chang and others 1990),
growth (Erkman and others 1989), and differentiation of
neurons in vitro ( Jonakait and others 1994); however, it
cannot be overlooked that its release has many other effects
on the microenvironment as well. Levels of IFN-g, released
during acute and chronic infections and immunological re-
actions, are sustained for a long time after viral clearance and
during viral latency (Fan and others 1993). Prolonged ex-
posure of neurons to IFN-g at concentrations similar to those
detected after chronic viral infection in humans and mice has
been correlated with major dendritic retraction (Masliah and
others 1997; Rockstroh and others 1998). Dendritic retraction
of neurons has also been correlated (Park and Skerrett 1996)
with elevated IFN-g expression (Kristensson and others 1994;
Lau and Yu 2001) in many types of acute inflammatory re-
actions, including those triggered by trauma, stroke, and
axotomy. Dendritic retraction could be a potential cause of
myelin turnover and therefore a source of neuroantigen re-
lease. Additionally, the presence of IFN-g activates microglia
and macrophages, which may be primarily stimulating these
cells to initiate cleanup and block further neuronal damage,
but might have the side effect of beginning the Ag presen-
tation process inadvertently.

FIG. 1. Cytokine microenvironments in the CNS during MS as a result of Ag presentation. An extensive cytokine network is
created in CNS microenvironments after activation of CD4 + T cells by direct contact of the T cell receptor with MHC II on
APCs as well as cell-to-cell contact between costimulatory receptor interactions present on both cell types, such as CD80/CD86.
The cytokine crosstalk between autoreactive, primed T cells and APCs takes place in the CNS microenvironment and therefore
can affect, and be affected by, CNS-resident cell types as well. It will be important for both potential biomarker identification
and therapeutic development to determine what cell populations can act as APCs in the CNS and which cytokines are produced
by a single cell at one time. CNS, central nervous system; MS, multiple sclerosis; DC, dendritic cell; APC, antigen presenting cell;
Ag, antigen; IL, interleukin; IFN, interferon; TGF-b, transforming growth factor-b; TNF-a, tumor necrosis factor-a; MMP, matrix
metalloproteinase; LIF, leukemia inhibitory factor; GM-CSF, granulocyte macrophage colony-stimulating factor.
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Conclusions

Although a great deal of information has been gained in
the past 2 decades about neuroantigen presentation, immune
cells and their cytokines, and inflammatory mediators in-
volved in MS and EAE, more research is needed to fully
decipher the role of each cell type and their products in the
pathogenesis of this disease. Specifically, it remains unde-
termined which cells are the first to acquire and present
neuroantigens and what the conditions of its transfer to these
cells are. It has long been held that initial Ag presentation
and T cell activation events occur in the immune periphery
and then translocate to the CNS. However, an increasing
body of evidence suggests that Ag presentation might initi-
ate within the CNS itself. Although this may not be the ul-
timate order of events, even an adaptive immune response
that occurs secondary to primary CNS events, such as CNS
cleanup efforts, has to be carefully evaluated for its detri-
mental as well as potentially beneficial effects. Myelin reac-
tive T cells produce not only effector molecules and mediate
tissue destruction, but can also produce neurotropic factors
and provide trophic support to aid neuronal survival (Ker-
schensteiner and others 1999; Moalem and others 1999). The
challenge remains to understand how these events culminate
in the destructive demyelinating pathology seen in MS or its
mouse model EAE and could potentially be harnessed for
tissue repair. Clearly, a much better understanding is needed
of the role of inflammatory mediators and cytokines in the
disease process and some of the conflicting results must be
resolved, for example, the dual role of IFN-g and TNF in
promoting or inhibiting disease. Multiple cell types, both
CNS-resident and those infiltrating from the periphery, can
potentially produce and respond to multiple cytokines
(Fig. 1). It is imperative that we continue to elucidate which
cells are producing which cytokines in the CNS during the
course of EAE. The ability to block the recruitment of APCs
or their acquisition of neuroantigens responsible for the ac-
tivation of pathogenic CD4 + T cells in the CNS could pro-
vide a viable, side-effect-free target for inhibiting relapses
and disease progression in human MS.
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