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Abstract: Multiple sclerosis (MS) is a devastating neurological disease that predominantly
affects young adults resulting in severe personal and economic impact. The majority of
therapies for this disease were developed in, or are beneficial in experimental autoimmune
encephalomyelitis (EAE), the animal model of MS. While known to target adaptive
anti-CNS immune responses, they also target, the innate immune arm. This mini-review
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focuses on the role of dendritic cells (DCs), the professional antigen presenting cells of the
innate immune system. The evidence for a role for DCs in the appropriate regulation of
anti-CNS autoimmune responses and their role in MS disease susceptibility and possible
therapeutic utility are discussed. Additionally, the current controversy regarding the
evidence for the presence of functional DCs in the normal CNS is reviewed. Furthermore,
the role of CNS DCs and potential routes of their intercourse between the CNS and
cervical lymph nodes are considered. Finally, the future role that this nexus between the
CNS and the cervical lymph nodes might play in site directed molecular and cellular
therapy for MS is outlined.

Keywords: multiple sclerosis; dendritic cell; experimental autoimmune encephalomyelitis;
cervical lymph node; molecular therapy; cellular therapy; site directed local therapy

1. Introduction

Multiple sclerosis (MS) is a chronic demyelinating inflammatory disease of the central nervous
system (CNS) [1,2]. It has a number of clinical presentations that fall into two broad categories:
relapsing remitting-disease and progressive disease [1,2]. Many patients that present with
relapsing-remitting disease evolve into a relentlessly escalating form known as secondary progressive
MS [1,2]. While the triggering factors in disease are hotly debated, perhaps because they are in
themselves heterogeneous, the key role of the immune system is well established [3]. One of the
strongest genetic associations with MS disease is a polymorphism of the human leukocyte antigen
complex (HLA-DRB1*1501), which is intimately involved in antigen presentation, and several other
HLA region variants are also strongly associated with MS [4-10]. Further, single nucleotide
polymorphisms (SNPs) in co-receptors essential for effective antigen presentation have also been
identified using genome-wide association studies (GWAS) [5]. The essential role played by
antigen-presenting cells, like dendritic cells (DCs), in MS progression is perhaps best exemplified by
the finding that many approved therapies, as well as new treatments in late phase clinical trials such as
BG12, lead to significant modification of DCs [11-16].

A number of innate and adaptive immune cells are implicated in the establishment and progression
of MS and its dominant animal model, experimental autoimmune encephalomyelitis (EAE). Aside
from DCs [17], and their important role in T-cell polarization during EAE [17], the immune cells that
are thought to have a role in EAE include gamma-delta-T-cells [18]; NKT-cells and NK cells [19-23];
B-cells [24-26]; mast cells [27-29]; macrophages (reviewed in [30]); and microglia (reviewed
in [31,32]). Additionally, astrocytes appear to participate as a quasi-innate immune cell by virtue of
their capacity to present antigen to T-lineage cells [33—39], a capacity shared with B-cells [40,41].

T-lymphocytes are a key mediator of disease activity [3], though the number of circulating
CNS-reactive T-cells present in MS patients and normal subjects is similar [42]. Thus, the presence of
CNS antigen reactive T-cells alone, is insufficient to induce disease and other important factors must
be involved. As antigen presentation, most commonly by DCs, is essential for most T-cell
responses [43] it seems reasonable to assume that regulation by this cell type will provide important
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checks and balances for T-cell activation. For this reason, we focus this mini-review on the role of
DCs in immune surveillance in health and in modulating CNS-specific immune responses in disease.
A more extensive review on other actions of DCs was recently published by Colton et al. [44] In this
context the first question that needs to be answered is whether these mechanisms are required or likely
to be present.

2. DCs in Health and Disease

Dendritic cells (DCs) are professional antigen presenting cells that link the innate and adaptive
immune systems [43]. They have a key role in activating, shaping, and in some cases preventing
damaging anti-CNS immune responses that are characteristic of MS [45-49]. To undertake these
functions (outside the CNS, at least), DCs patrol mucosal surfaces and solid organs and respond to
pathogenic challenges by engulfing antigen, processing it, and then presenting it to lymphocytes at the
site of the insult or in the regional lymph nodes [50]. To regulate systemic immunity, after antigen
challenge, some DCs migrate to draining lymph nodes [50]. Here, they not only activate effector
lymphocytes, but also play an important role in the control of inappropriate immune
responses [17,50,51].

3. MS, Vitamin D and DC Activity

Environmental factors are likely to play a major role in MS. This is best highlighted by studies in
identical twins, in whom the concordance rate for the development of MS is only about 30% [52]. One
environmental factor may well be sun exposure, as the global incidence of MS is positively related to
latitude. While vitamin D levels and exposure to ultraviolet light are intimately related, both latitude
and vitamin D levels are independently associated with the risk of MS [53-55].

Administration of vitamin D modulates disease severity in animal models of MS and might increase
disease free periods by reducing relapse frequency in humans [55]. Vitamin D is well known to affect
a number of immune cells (reviewed in [56]) and is intimately involved in the regulation of DC
function, with increased concentrations of vitamin D leading to the induction of immune regulatory
actions. These include the up regulation of TGF-B and IL-10 [57], which have been shown to increase
the production of T-regulatory cells, [17] whose actions are broadly disease-suppressive. Further, in a
recent GWAS study, a polymorphism in the gene block containing the Cyp27B1 gene that encodes the
enzyme Cyp27B1 hydroxylase which catalyses the conversion of 1-hydroxy-vitamin D to its
biologically active form, 1,25-hydroxy-vitamin D, was found to be associated with MS [5]. It is thus
possible that the lack of the Cyp27BI1 substrate, 25-hydroxy-vitamin D, resulting from reduced
exposure to UV light, leads to reduced active 1, 25-hydroxy-vitamin D, and, as a consequence, reduces
the ability of DCs to down-regulate harmful immune responses [56].

4. Immunoregulatory DCs

DCs are key cells in immune regulation [58—62]. Their presentation of antigen without appropriate
costimulatory molecule expression leads to T-cell death/anergy or induction of the T-regulatory
phenotype [63]. Activation with appropriate costimulation leads to the ability to induce the full range
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of T-helper-cell phenotypes, including the regulatory phenotypes [58—62]. It has long been recognized
that thymic DCs are important for establishment of central tolerance, by eliminating highly
autoreactive T-cells [64]. However, more recently, it has been appreciated that DCs also participate in
the maintenance of peripheral tolerance [65—67]. Whilst a tolerogenic phenotype is helpful in
preventing or resolving diseases like MS, in some circumstance, it may be harmful. For example,
tumors down-regulate anti-tumor immune responses by secreting factors that favor the development of
DCs that induce T-regulatory cell differentiation [68]. These T-regulatory cells then actively reduce
anti-tumor immunity, allowing the tumor to evade the systemic immune response [69]. A less sinister
example is the acceptance of human liver allografts without immunosuppression. Here it is thought
that DCs might similarly promote T-regulatory function in lymph nodes draining the liver [70-72].

Critical appraisal of new data on DC function, along with a large body of literature in experimental
animals, would suggest that defects in DC development might lead to impaired tolerance and immune
activation. Genetic mutations leading to developmental defects in DCs have recently been described in
humans [73,74]. These mutations lead not only to impaired resistance to infection, but also to an
increase in autoinflammatory disease associated with aberrant DC development [73—75]. For example,
multiple SNPs in interferon response factor-8 (IRF8) have been associated with human DC
developmental defects [73]. When this gene is knocked out in mice there is an absence of multiple
subsets of DCs, some of which play a significant role in immunoregulation by producing type 1
interferons, cytokines that are used in MS therapy [76,77]. Also, a genetic polymorphism in the IRFS8
gene is a highly significant predisposing factor to MS [5,78,79]. Finally, loci such as MLANA, EOMES
and TNFRSFI1A are now known to be associated with MS with their pathways predominantly
expressed in DCs [4]. Taken together, these findings provide a strong rationale for positing an
involvement of DCs in the maintenance of CNS immune tolerance in health as well as in the
pathogenesis of MS. However, whether DCs are present in the normal CNS, as they are in so many, if
not all, other tissues, remains hotly debated (see below) [80—83]. Regardless of how this resolves, it is
clear that CNS antigens are present in, and capable of draining to, the cervical lymph nodes of MS
patients and normal subjects [84]. Finally, most recently, it has been shown that depletion of DCs
enhances EAE disease, confirming a role for DCs in braking autoimmune responses [51].

5. Experimental Autoimmune Encephalomyelitis (EAE): A Model of MS

Animal models play a key role in developing both an improved understanding of the pathogenesis
of autoinflammatory diseases and disease related therapeutics [17,85,86]. In the case of MS, most
effective treatments have been discovered using the EAE model and/or have beneficial effects in
it [87]. However, some treatments have ameliorating effects in EAE that have not generalized to MS,
in some cases leading to worsening disease indices [88]. While these findings represent a
well-recognized limitation of the EAE model, many of the immunological mechanisms first identified
in EAE are directly applicable to MS [87,88]. An important recent example of this is the discovery of a
subgroup of T-helper-cells called Th17 cells, so-named because of their production of IL-17 [89]. This
cell subset that plays an important role in disease pathogenesis, was defined in the EAE model [89]
and subsequently found to have a significant role in MS [90-92]. These data are consistent with the
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long-held view that EAE is a T-cell mediated disease. However, it is clear that T-cells are not the only
immune cell type involved in MS and EAE disease pathogenesis.

DC is intimately involved in T-cell function. Selected disruption of the antigen presenting capacity
of DCs renders mice completely resistant to neuroinflammation, even after transferring
disease-inducing T-cells, at least in part because functional DCs are required to allow the entry of
pathogenic T-cells into the CNS [93]. Further characterization of DCs throughout the course of EAE
have indicated that different subsets of DCs serve distinct functions: For example myeloid
(conventional) DCs are involved in disease development, whilst plasmacytoid DCs, which produce
interferons, are important in the development of T-regulatory cells and disease resolution [94-97].
Interestingly, it is this latter set of DCs that is absent in the IRF8 gene knockout mice considered in the
previous section. These findings suggest a role for DCs in down-regulating immune responses in EAE
and MS, and perhaps also a role in the maintenance of immune privilege of the CNS. Consistent with
this view, DCs directly down regulate peripheral anti-CNS immune responses in inducing antigen
specific T-regulatory cells in EAE [17,94]. However, a recent study utilizing a mouse model
transgenic for a simian diphtheria toxin receptor expressed under the control of CD1lc promoter,
showed less activity for DCs in the EAE [98]. This finding highlights the ability of different
phenotypes of DCs to prime T-cells and therefore to shape the disease causing immune response [99].
While these mechanisms are active in disease, it is not clear whether and how they may be operative in
the healthy CNS.

6. Can DCs Be Found in the Normal CNS?

The concept of the “immune privilege” of the CNS has been with us since 1921 when Shirai first
showed that heterologous tissue could be transplanted into the CNS and escape rejection [100].
Murphy and Sturm confirmed these results in 1923 [101] and later Tansley in 1946 [102]. However,
Morton, in 1929, could not replicate these findings with human tumors, presumably because there was
significant exposure of tumor to the meninges and/or cerebral ventricles, a factor noted by Sturm as
potentially leading to tumor rejection [103]. These results suggested that the CNS parenchyma was
ruled by a different immune paradigm than the meninges and ventricles. Peter Medawar used this
heterologous tumor transplant model to demonstrate tolerance and the fact that it could be broken by
peripheral immunization [104], a discovery that lead to a shared 1960 Nobel Prize for Medicine with
MacFarlane Burnet. This finding suggests either that mechanisms in the immune system outside the
CNS prevent peripheral immune activation and trafficking of inflammatory cells to the CNS to effect
tumor rejection, or that inflammatory cells are simply excluded from accessing the CNS. Indeed, for
many years these findings were considered to be due to the blood brain barrier (BBB), the lack of
“competent” immune cells in the CNS, and formal lymphatic drainage, all thought to shield the CNS
from systemic immune responses [3]. However, as methodologies have improved over the last 90
years, competent immune cells have been found in the CNS and more recently pathogenic T-cells were
found to directly penetrate the intact BBB in some circumstances [92], probably abetted by DCs [82].
Further, competent immune cells (T-cells and DCs) “drain” from the CNS to the cervical lymph nodes,
even in the absence of a formal lymphatic circulation [105]. However, unlike T-cells, the presence of
dendritic cells in the healthy CNS is still currently controversial [80—-83].
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In 1988, Hickey described bone marrow-derived, fully competent antigen-presenting cells that
express MHC Class II antigen located in the perivascular space of the cerebral vasculature, outside the
BBB [106]. However, Hart and Fabre, previously found that there were no MHC Class II-positive DCs
in the CNS parenchyma, but noted their presence in the meninges and choroid plexus [107]. These
conflicting findings highlight the role of changing methodologies, their limitations and their influence
on interpreting the presence or absence of cell subsets. Soon afterwards, there was a hint that
antigen-presenting cells might exist in the brain parenchyma of the normal rat. However, Craggs and
Webster indicated, with a personal communication from Hans Lassmann, that they might correspond
to pericytes [108]. Later, Matyszak and Perry, found that there were very occasional DCs in the CNS
parenchyma [109-111], the nature of which was not clear. Whilst attempts to identify DCs in the
normal CNS parenchyma have been largely negative until recently, it is hard to completely exclude
their presence, either in very small numbers or in highly localized areas. Indeed, recently Bulloch et al.
and Prodinger et al. provided evidence that cells with a similar phenotype as peripheral DCs do
develop in the normal CNS [82,83]. This finding is in agreement with the findings of
Anandasabapathy et al. who showed that DCs expressing IRF8 developed from local CNS precursors,
some, but not all, of which were bone marrow-derived and present in the parenchyma [112]. While the
weight of emerging evidence supports the existence of DCs in the normal CNS, including the
parenchyma, yet to be addressed is the critical question of whether they are capable of exiting the CNS

and participating in systemic immune responses.
7. Could DCs Control Anti-CNS Immunity in the Periphery?

While highly autoreactive T-cells are deleted in the process of thymic selection, there are
CNS-autoreactive T-cells in the circulation of many normal humans [42]. This suggests an active
mechanism in which CNS avoids autoinflammation. This is best exemplified by the virtual lack of
CNS-wide inflammation in the 2D2 transgenic mouse, when on the C57BL/6 background. The 2D2
mice have been engineered to transgenically express a MOG specific T-cell antigen receptor, such that
between 50% and 90% of T-cells react to the MOG 35-55 peptide [41,113]. However, while 30% of
these mice exhibit some optic nerve involvement, they rarely develop overt signs of CNS
autoimmunity [41,113]. This tolerogenic mechanism may involve either IL-10 secreted from
tolerogenic DCs, Tregs or Th2 cells with immunosuppressive secreted cytokines such as IL-4, IL-10,
IL-13 and IL-9 [44]. In contrast, a similar mouse on the SJL genetic background, when engineered to
express a TCR reactive to the MOG 92-106 peptide, did develop spontaneous CNS-wide
inflammation with an incidence of up to 70% [40].

An important function of the immune system is to provide protection from disease and resolve
inflammatory events without sustaining excessive damage. The disruption of this balance leads to
either autoimmune-mediated tissue damage and/or increased susceptibility to infection. Additionally,
in health, appropriate immune activation might also be responsible for the maintenance of CNS
integrity [114—117]. Perhaps the most convincing evidence that this is the case is the recent finding
that in MS, Alemtuzumab treatment was capable of reversing disability by, at least in part, increasing
the number of autoreactive T-cell subsets that produce neurotrophic factors such as brain derived
neurotrophic factor (BDNF) [118]. These bone fide CNS autoreactive T-cells were likely to have been



Int. J. Mol. Sci. 2013, 14 553

activated by DCs, and it is well known that Alemtuzumab is capable of influencing DC function,
particularly by increasing IRF8-mediated DC differentiation [119,120].

Modification of DC function in the periphery is also able to modify autoimmune
neuroinflammation. We have shown that modification of DCs to produce and secrete increased
amounts of IL-10 increases T-regulatory cell development [17]. T-regulatory development is also
promoted by peripheral DCs expressing programmed cell death-1 (PD1) [51]. Thus DCs not only
activate T-cells and support their proliferation, but also modify their development by expressing
surface molecules and secreting cytokines. In keeping with this, a number of these DC-derived
cytokines and surface molecules are associated with an increased susceptibility to MS. These
observations raise the question as to where these potential immunoregulatory processes might take
place [4,5,121].

8. The Cervical Lymph Node as a Site of CNS Immune Regulation

The cervical lymph nodes have been identified as peripheral sites where anti-CNS immune
responses might be initiated and regulated [84,122]. The few DCs that are found in the CSF can traffic
through the cribriform plate to the cervical lymph nodes, despite the lack of formal lymphatic
drainage, (reviewed in [80,105]). Additionally, CNS antigens readily accumulate in the cervical lymph
nodes [123]. Further, when labeled DCs are injected into the brain parenchyma, they are able to travel
to cervical lymph nodes and elicit an immune response [124]. Indeed, in an elegant study, the immune
response to a foreign antigen injected in the brain was shown to be initiated in the cervical lymph
node, with activated T-cells then traveling to the CNS [122]. These data indicate that the cervical
lymph nodes are a key site for the induction of anti-CNS immune responses. Consistent with a role in
regulation of anti-CNS immune responses, there are also data from EAE mice to indicate that the
cervical lymph nodes are also capable of dampening anti-CNS immunity [125]. Together, these
findings indicate that CNS antigen, and perhaps DCs, travel to the cervical lymph nodes where they
are involved in the regulation of anti-CNS immunity. This raises the possibility that the CNS can direct
immune cells to the peripheral immune system and influence systemic anti-CNS immunity at the level
of the cervical lymph nodes.

9. Targeted Therapy to the Cervical Lymph Nodes?

Most, if not all, MS therapeutics are delivered systemically. However, the recent findings
implicating the cervical lymph nodes as significant regulators of anti-CNS immune responses raises
the question as to whether benefit may be found in more discretely targeted therapies. The cervical
lymph nodes could be accessed preferentially by delivering cytokines intra-nasally, via the lymphatics
of the scalp or by direct infusion [105,126]. Using such approaches, it would seem feasible to deliver
relatively small amounts of a formulation to attain therapeutic concentrations in the cervical lymph
nodes, which might be expected to exhibit biological activity with a lesser propensity for systemic side
effects. The potential for using less of what are often very expensive compounds to achieve the desired
therapeutic effect, could also significantly reduce treatment costs.

Additionally, previously trialed compounds that have been found to be ineffective or associated
with adverse side effects when delivered systemically, might find applicability when delivered locally.
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An example of this may be seen in the trials of systemic IL-10, which have been largely disappointing,
perhaps because of rapid systemic clearance and consequently low local concentrations [127]. As
some DCs favorably modulate anti-CNS immune responses by regulating their IL-10 secretion [17],
localized, targeted delivery of IL-10 might achieve therapeutic concentrations in the cervical lymph
nodes to modify DC-mediated T-cell activation.

10. Conclusions

The available data strongly suggest that DCs are involved in the regulation of anti-CNS immunity
under normal conditions and in the development of autoimmune neuroinflammation. DCs appear to
perform this task, at least in part, in the cervical lymph nodes. While these data raise many questions,
which are yet to be satisfactorily answered, particularly the controversial issue of whether there exist
functional DCs in the normal CNS parenchyma, they do have practical implications. Prime among
these is the possibility of directing therapy to target DC-T-cell interactions focally, to the cervical
lymph nodes, in order to enhance therapeutic efficacy and minimize side-effects, while reducing the
economic burden associated with the treatment of neuroinflammatory disease.
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