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Abstract

Treatment of central nervous system (CNS) autoimmune disorders frequently involves the 

reduction, or depletion of immune-competent cells. Alternatively, immune cells are being 

sequestered away from the target organ by interfering with their movement from secondary 

lymphoid organs, or their migration into tissues. These therapeutic strategies have been successful 

in multiple sclerosis (MS), the most prevalent autoimmune inflammatory disorder of the CNS. 

However, many of the agents that are currently approved or in clinical development also have 

severe potential adverse effects that stem from the very mechanisms that mediate their beneficial 

effects by interfering with CNS immune surveillance.

This review will outline the main cellular components of the innate and adaptive immune system 

that participate in host defense and maintain immune surveillance of the CNS. Their pathogenic 

role in MS and its animal model experimental autoimmune encephalomyelitis (EAE) is also 

discussed. Furthermore, an experimental model is introduced that may assist in evaluating the 

effect of therapeutic interventions on leukocyte homeostasis and function within the CNS. This 

model or similar models may become a useful tool in the repertoire of pre-clinical tests of 

pharmacological agents to better explore their potential for adverse events.
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Introduction

The presentation of foreign antigen constitutes a key event in immune surveillance and host 

defense. Antigen presenting cells (APC) of the innate immune system recognize, capture, 

and present antigen to T lymphocytes, which subsequently initiate the cellular adaptive 

immune response.

Within the central nervous system (CNS), three compartments, the parenchyma, the cerebral 

perivascular spaces (CPVS), and the subarachnoid spaces play a critical role in antigen 

presentation. In the parenchyma, astrocytes are the most abundant CNS glial cell population, 

but their role as APCs remains controversial [1–5]. The most potent intrinsic APCs within 

the CNS parenchyma are microglial cells, and recent findings appear to suggest an important 

role for microglia cells in the pathogenesis of experimental autoimmune encephalomyelitis 

(EAE), an animal model of the human inflammatory disorder multiple sclerosis (MS) [6]. 

Thus, microglia cells are likely to participate in CNS immune surveillance.

The second CNS compartment that plays a crucial role in CNS antigen presentation are 

CPVS, or “Virchow-Robin spaces”. There is now abundant evidence that hematopoetically-

derived APCs, including monocyte-derived macrophages [7,8], and dendritic cells (DCs) [9] 

reside and present antigen in CPVS, and that cells in this compartment play an essential part 

in the initiation and perpetuation of CNS autoimmune disease. B cells, which together with 

T cells provide an antigen-specific adaptive immune response, are also competent APCs that 

are abundantly present in the CPVS during inflammation [10].

A third compartment where antigen presentation occurs, and which therefore be critical for 

CNS immune surveillance is the subarachnoid space. Kivisakk et al demonstrated in the 

EAE model that CD4+ T cells that were polarized to produce T helper (Th) cell 1 or Th 17 

cytokines accumulate within the subarachnoid space early in the disease course [11]. 

Specifically, CD4+ T cells could be detected in the subarachnoid space before they entered 

the spinal cord parenchyma. Within the subarachnoid space, CD4+ T cells proliferated, and 

time-lapse microscopy indicated that these cells actively scanned the tissue and interacted 

with local major histocompatibility (MHC) class II+ APC.

Disruption of the innate or adaptive immune response within the CNS is likely beneficial in 

CNS autoimmunity. Not surprisingly, most pharmacological agents that are currently 

approved for the therapy of MS were specifically designed to either diminish the absolute 

number of immune-competent leukocytes and their function in the periphery and 

subsequently in the CNS, or to reduce the ability of leukocytes to enter the brain and the 

spinal cord. These strategies have resulted in a meaningful decrease in clinical and 

paraclinical disease activity, which are in turn relevant readouts of the immune system’s 

ability to present and process antigen in CNS autoimmunity. There is, however, a downside. 

As stated above, the primary biological role of leukocytes is not to cause autoimmunity, but 

to recognize and eliminate pathogens. Thus, the occurrence of opportunistic infections or 

neoplastic growth is perhaps the most meaningful biological readout of impairment of CNS 

immune surveillance. Not surprisingly, some of the more potent pharmacological agents that 
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have been utilized in MS carry with them side effects of CNS virus reactivation and in some 

extreme cases the development of progressive multifocal leukoencephalopathy (PML).

This article will outline the main cellular components of CNS immune surveillance, 

including its innate and adaptive components. It will also conceptualize experimental 

models that may allow the preclinical measurement of an impact that pharmacological 

interventions may have on host defense. These models are urgently required to estimate an 

acceptable risk-benefit ratio of individual therapies.

The innate immune system in CNS immune surveillance

Monocytes - Macrophages

In most tissues, the initial recognition of a pathogen is followed by activation of resident 

macrophages, and other tissue-resident cells, including DCs and mast cells. Tissue 

macrophages express numerous surface receptors that identify so-called pathogen-associated 

molecular patterns (PAMPs), as well as danger-associated molecular patterns (DAMPs). 

These receptors include lectins, scavenger receptors, Toll-like receptors (TLRs), nucleotide-

binding oligomerization domain (NOD)-like receptors, and retinoic acid-inducible gene 

(RIG)-I family receptors [12–14]. Following the initial microbe challenge, tissue 

macrophages attract and stimulate the extravasation of neutrophils and monocytes [15–17]. 

Monocyte-derived macrophages subsequently become the majority of myeloid cells within 

an inflammatory site. Experimental depletion of resident macrophages results in reduced 

host protection to infection, reduced expression of soluble inflammatory mediators, and 

diminished chemoattraction [15,17–19].

There is considerable heterogeneity with regard to the cellular composition and receptor 

usage between tissues. The central nervous system (CNS) constitutes a unique organ system 

in that it is confined entirely within a bony space. A robust inflammatory response and the 

ensuing edema could easily result in severe CNS damage or even a fatal outcome. Thus, the 

innate immune response within the CNS appears to be somewhat attenuated in most 

situations that present a threat to the host. Microglia are the tissue-intrinsic macrophages 

within the brain and spinal cord, and they are considered one of the key players in an initial 

immune response [20–22]. It is currently thought that microglia are a long-lived population 

of tissue macrophages, but it is unknown how cell populations of brain macrophages are 

maintained in homeostasis and during disease [21]. The somewhat immune-restrained basic 

phenotype of microglia may be explained at least partly by the fact that, in contrast to other 

tissue macrophages, these cells are shielded from serum proteins that can selectively and 

potently activate macrophages [23]. In addition, the cytokine composition within the healthy 

adult CNS is relatively anti-inflammatory with detectable levels of transforming growth 

factor(TGF)-β2 and TGF-β3 [24,25], and prostaglandin E2 (PGE2) [21].

The pathogenic role of microglia in CNS autoimmunity has been established in the EAE 

animal model of the human inflammatory disorder MS. In the EAE model, several 

investigators demonstrated the capability of microglia to initiate an adaptive (auto)immune 

response against target CNS antigens. It has been known that the induction of EAE after 

adoptive transfer of CD4+ antigen-specific T cells requires restimulation with the cognate 
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autoantigen within the CNS compartment [26]. Experiments with radiation bone marrow 

chimeras, in which bone marrow–derived donor cells expressed a MHC II haplotype distinct 

from that present on recipient parenchymal microglia have provided clarity with respect to 

their role as APCs. Adoptive transfer of myelin-specific CD4+ T cells restricted by the MHC 

II haplotype of the recipient parenchymal cells did not cause EAE. In contrast, myelin-

specific CD4+ T cells that were restricted by the MHC II haplotype of perivascular 

macrophages derived from the donor bone marrow inoculum led to clinical disease [7]. 

Other investigators demonstrated that the elimination of all potential APCs except for 

CD11c+ perivascular macrophages did not affect disease susceptibility in experimental 

animals [9]. Another set of experiments, in which EAE was actively induced with one 

myelin epitope, followed by adoptive transfer of unprimed T cell receptor (TCR) transgenic 

T cells specific for a different antigenic determinant, showed that myelin-specific T cell 

proliferation occurs mainly in the CNS after disease onset [27].

In most instances, a self-limited inflammatory response is in the best interest of the host. 

Ongoing inflammation can have detrimental consequences on tissues. Thus, the fate of 

resident macrophage populations and their initial and ongoing role in the priming of 

adaptive immunity and tissue homeostasis has been under intense investigation. One group 

of investigators assessed macrophage subsets in mild zymosan peritonitis and observed a 

prolonged retention of inflammatory monocyte–derived macrophages in the lesion [28–30]. 

During acute inflammation, few resident F4/80high Tim4+ macrophages can be recovered. 

Subsequently, substantial numbers of resident macrophages can be identified, which 

suggests that some resident macrophages remain at the inflammatory site.

It is unclear, however, whether observations made in other compartments can be translated 

to the CNS. For instance, a disappearance of alveolar macrophages from bronchoalveolar 

lavage fluid was shown by Lauder et al to occur during influenza infection [31]. The change 

in cellular composition may at least in part be due to the transport of antigen to the draining 

lymph node, as shown by Kirby et al. [32]. Many alveolar resident macrophages, however, 

remain throughout inflammation, suggesting that these cells impact inflammatory responses 

and subsequently return to homeostasis. It was shown that the number of tissue-resident 

macrophages is maintained by local proliferative self-renewal, and without the need for 

replenishment from the periphery, including in the brain [33]. However, it is not known 

what happens to inflammatory monocyte-derived macrophages in the CNS after the 

inflammatory response is resolved. In other compartments, these cells have been suggested 

to exit via the lymphatics or to recirculate [34–36]. The CNS, of course, does not have a 

lymphatic system. In addition, in experimental acute lung injury models, many 

inflammatory macrophages succumb to apoptotic cell death, while the resident alveolar cells 

persist [37]. It can also not be excluded that monocyte-derived macrophages in the CNS 

undergo in situ phenotypic conversion to become tissue-resident macrophages, which may 

occur during inflammation [38]. There is some knowledge on the kinetics of APC turnover 

in the CPVS. Lassmann et al demonstrated that meningeal and perivascular monocytes are 

replaced over the course of several weeks by hematogenous cells under normal conditions, 

and this turnover is accelerated during EAE [39]. Other investigators showed an ongoing 

migration of macrophages from peripheral blood into CPVS [40].
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Dendritic cells

Mature DCs are established as the most competent APCs in the initiation of immune 

responses. DCs are currently classified into five distinct populations based on phenotypic, 

functional and developmental analysis [41], and include Langerhans cells, monocyte-derived 

DCs, plasmacytoid DCs, migratory and lymphoid tissue-resident CD8+ DC-like DCs, and 

migratory and lymphoid tissue-resident CD11b+ DCs. There is overwhelming data that 

contradict an old dogma that the healthy CNS parenchyma contains no DCs. Prodinger et al., 

using mice transcribing the green fluorescent protein (GFP) under the promoter of the DC 

marker CD11c, determined the distribution, phenotype, and source of CD11c+ cells in non-

diseased brains [42]. DCs were identified in periventricular areas, adjacent fiber tracts, and 

optical nerves. The majority of CD11c+ cells were located within the juxtavascular 

parenchyma rather than the perivascular spaces.

In MS and EAE, DCs are readily detectable in the brain [42–48]. Fischer and Reichmann 

showed that CNS inflammation in EAE and toxoplasmic encephalitis was associated with 

the proliferation of CD11b+ CD11c+ cells [49]. These cells constituted up to 30% of the 

total CD11b+ population of myeloid cells isolated from the brain. In both disease models, 

CD11c+ cells were located in perivascular spaces and intraparenchymatic inflammatory 

sites, and displayed the surface phenotype of myeloid DCs. Morphologically, CD11c+ cells 

from inflamed brain resembled bone marrow-derived DCs, and thus were identified as such. 

These cells secreted high levels of IL-12, and were more potent stimulators of naive or 

allogeneic T cell proliferation than microglia cells. Furthermore, DCs isolated from inflamed 

brain primed naive T cells from DO11.10 TCR transgenic mice to produce IFNγ and IL-2. A 

functional maturation of brain DCs occurred following the onset of encephalitis [49]. The 

role of DCs as relevant innate immune cells of the CNS was underscored by work by Greter 

et al, who showed that CD11c+ DCs alone are sufficient to present antigen in vivo in EAE to 

primed myelin-reactive T cells in order to mediate CNS inflammation and clinical disease 

[9].

It was also recently shown that steady-state DCs are capable of inducing peripheral T cell 

tolerance, and of regulating CNS inflammation. Yogev and colleagues used genetic 

approaches to deplete CD11c+ DCs in mice [50]. Experimental animals that lack DCs 

developed more severe EAE than control mice. DCs engineered to present a CNS-associated 

autoantigen in an inducible manner were capable of inducing peripheral T cell tolerance and 

EAE resistance. This tolerance coincided with an upregulation of the PD-1 receptor on 

antigen-specific T cells. PD-1 was necessary for DC-mediated induction of regulatory T 

cells [50]. These findings were supported by the work of Zozulya et al, who demonstrated 

that intracerebral microinjection of DCs modified by tumor necrosis factor resulted in 

relative EAE disease resistance, and triggered the generation of IL-10-producing antigen-

specific T cells in the periphery, and restricted IL-17 production within the CNS [47].

Thus, while DCs are clearly critical cellular players in innate and adaptive immune 

responses within the CNS, DC responses can also be modulated to downregulate 

inflammation.
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The adaptive immune system in CNS immune surveillance

T cells

There are numerous line of evidence that suggest a prominent role for T cells in MS. 

Experimental autoimmune encephalomyelitis (EAE) is considered by many the archetypal 

animal model of MS [51–53]. Specifically, EAE can be adoptively transferred to naïve 

recipient mice by injection of myelin-specific CD4+ T cells [54]. MS susceptibility is 

associated with HLA-DR1*15:01. Among cells isolated from the inflammatory infiltrate in 

actively demyelinating MS lesions, approximately 10% are CD4+ and CD8+ T cells, 

whereas the remainder are monocyte-derived macrophages and CNS-intrinsic microglia 

[55].

More recent research has focused on the pathogenic role of different CD4+ T cell 

phenotypes in MS and other autoimmune diseases. CD4+ Th cell subsets are currently 

distinguished by the cytokines they express [56]. Th1 cells are defined as expressing IFNγ, 

TNF-β, IL-2, and NO [57]. Th1 cells activate myeloid cells to stimulate and maintain cell-

mediated immunity. In contrast, Th2 cells secrete IL-4, IL-5, IL-6, IL-10, IL-13 and TGF-β. 

While Th1 cells are considered predominantly pro-inflammatory in autoimmunity, Th2 

immune responses have been associated with immune regulation and disease recovery in 

patients with MS. Both, IL-10 and IL-4, are capable of suppressing various aspects of the 

Th1 inflammatory response. TGF-β also plays a regulatory role in immune responses. The 

Th1-Th2 paradigm is insufficient, however, to associate one CD4+ T cell phenotype with 

disease activity, and another with remission [58,59]. While Th1 and Th2 polarized cells can 

be observed in MS and other human autoimmune disorders, a clear distinction between these 

populations is not always possible. For instance, CD4+ Th1 cells are capable of producing 

IL-10 and IFNγ during chronic infection and in experimental settings in mice [60–62] and 

humans [63–65].

Th17 cells are a distinct, more recently discovered lineage of CD4+ T cells that may be very 

relevant to autoimmune diseases [66]. Induction and maintenance of Th17 cells depend on 

IL-23 provided by macrophages and dendritic cells [67]. Th17 cells, in turn, express IL-17, 

which mediates proinflammatory responses, including allergic reactions [68].

CD8+ T cells have also more recently been implicated in MS pathogenesis. Within the 

peripheral blood and CSF of MS patients, clonal and oligoclonal expansion of CD8+ T cells 

has been demonstrated [69–71]. Compared with CD8+ myelin-reactive T cells isolated from 

healthy individuals, CD8+ T cells from patients with MS express a less naïve, more 

activated phenotype (CD8hi CD28− CD57+) [72,73]. In some histopathological studies, 

CD8+ T cells outnumber CD4+ T cells, perhaps suggesting that cytotoxic T cells are driving 

the inflammatory process. CD8+ T cells may also directly mediate axonal damage observed 

in MS lesions. Neurons were not thought to be vulnerable to T-cell-mediated injury. 

However, the observation that in vitro exposure to IFNγ induces neurons to express MHC 

class I molecules provides a plausible explanation for CD8+ T-cell–mediated neuronal 

damage [74]. Furthermore, activated CD4+ and CD8+ T cells were shown in vitro to align 

along axons and cause neuronal cell death by a cell contact dependent mechanism 

independent of MHC [75]. CD8+ T cells directly establish contact with demyelinated axons, 

Hussain et al. Page 6

J Neuroimmunol. Author manuscript; available in PMC 2015 January 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



upon which cytotoxic mediators are released [76]. In vitro experiments have further 

demonstrated that CD8+ T lymphocytes are capable of transecting neurites [77].

Most T cell receptors (TCRs) consist of two linked polypeptides, α and β, which participate 

in the co-recognition of foreign antigen in the context of self-MHC[78]. As stated above, 

this is a critical step in immune surveillance. However, a small subpopulation of circulating 

lymphocytes expresses γδ TCRs, which also mediate T cell activation. Clonal expansion of 

activated lymphocytes bearing the γδ TCR was demonstrated in the CSF of patients with 

recent-onset MS, but not from patients with chronic MS or other neurological disorders [79]. 

With the EAE model, mice deficient in γδ T cells have reduced CNS mononuclear cell 

infiltrates [80–82]. γδ T cells may also downregulate CNS inflammation by promoting 

apoptosis in encephalitogenic αβ T cells. Interestingly, it was also recently shown that γδ T-

cell–deficient mice were unable to recover from EAE [83,84]. Histopathologically, 

monocytes and lymphocytes persisted substantially longer in the CNS than in wild-type 

mice.

Again, while all of the T cells subsets discussed above appear to play a pathogenic role in 

MS and its animal model EAE, it is obvious that the primary biological function of these 

cells is immune surveillance. Thus, targeting them pharmacologically has potential risks and 

benefits that are discussed below in detail.

B cells

The EAE model has recently led to numerous insights into B cell function in the 

pathogenesis of MS. Early investigations into the role of B cells in EAE utilized injections 

of anti-IgM antibodies to deplete B cells in rats prior to EAE induction. In these early 

studies, depletion of B cells prevented the induction of EAE [85]. In follow-up experiments, 

EAE could be induced if experimental animal received MBP-specific antiserum in addition 

to anti-IgM antibodies [86]. Anti-IgM treated animals were also refractory to EAE induction 

by active immunization with MBP emulsified in complete Freund's adjuvant (CFA) [87]. 

However, EAE could be induced in a third of B cell depleted mice by adoptive transfer of 

MBP-specific encephalitogenic T cells, an incidence that was increased by the simultaneous 

administration of anti-MBP antibodies [87]. A pathogenic role for Ig was further shown by 

the exacerbation of mouse and rat EAE following the administration of anti-MOG mAb 

[88].

Recent studies indicate that B cells are also functioning as APCs that facilitate the priming 

of myelin-specific T cells. Using a transgenic mouse expressing a MOG-specific TCR on 

the SJL/J (H-2s) background, a mouse strain that exhibits a relapsing–remitting EAE disease 

course, a high rate of spontaneous EAE was observed [89]. Clinical disease activity in these 

mice was associated with a strong MOG-specific B cell response, and deposits of Ig and 

complement in CNS lesions [89]. In addition, pathogenesis of the MOG-specific Ig was 

demonstrated by its enhancement of the severity of suboptimal EAE. Finally, depletion of B 

cells with an anti-CD20mAb reduced the incidence of spontaneous EAE [89].

Susceptibility of B cell deficient mice to EAE has been shown by several investigators. B 

cell deficient mice were first tested in the B10.PL (H-2u) mouse strain by disruption of the 
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Ig µ heavy chain transmembrane exon (µMT). The mouse was subsequently backcrossed 

onto the C57BL/6 background (H-2b), in which active immunization with myelin 

oligodendrocyte glycoprotein peptide 35–55 (MOGp35–55) led to clinical EAE [90,91]. 

Interestingly, the dependence on B cells for the induction of EAE in the C57BL/6 mouse 

appears to be dependent on the source and nature of the MOG immunogen. In a study by 

Lyons et al., both C57BL/6 wild-type and B cell-deficient mice were susceptible to EAE 

following immunization with MOGp35–55 [92]. In contrast, only wild-type mice were 

susceptible to EAE induced with recombinant MOG (rMOG) protein [92]. Although the 

species source of the rMOG in this study was not indicated, subsequent studies 

demonstrated that the B cell dependence only occurred when human rMOG was used. 

Induction of EAE following immunization with rMOG from mouse or rat was shown to be 

B cell-independent [90,93]. Dittel et al. reported that the relapsing–remitting disease course 

in (B10.PLxSJL/J)F1 B cell-deficient mice was not altered as compared to wild-type control 

mice [94]. These data indicate a complex role for B cells in the pathogenesis and regulation 

of CNS autoimmunity and that the experimental outcome is highly dependent upon the EAE 

model used.

Anti-CD20 therapy has also been extensively examined in the EAE model. Using anti-

mouse CD20 mAb, it was shown that B cell depletion in C57BL/6 mice prior to induction of 

EAE by active immunization with MOGp35–55 exacerbates clinical disease [95]. These data 

support prior observations of regulatory B cells in controlling CNS autoimmunity 

[90,96,97]. Interestingly, clinical effects appear to depend on the timing of the B cell 

depletion in this EAE model: When B cells were depleted just prior to disease onset, or after 

peak disease was established, no change in disease severity was noted [95]. In contrast, EAE 

disease severity was reduced if B cells were depleted shortly after EAE onset [98]. In a 

study utilizing human CD20 transgenic mice, B cell depletion was achieved using an anti-

human CD20 mAb [99]. B cell depletion prior to active EAE induction with MOGp35–55 

exacerbated EAE [99]. In contrast, in the same experimental design, immunization with 

recombinant (r)MOG, which requires B cell recognition and processing, resulted in less 

severe EAE [99]. Similar results were obtained if the B cells were depleted after the onset of 

EAE. Differences in the two outcomes were attributed to a reduction in MOG-specific Th1 

and Th17 cells in the rMOG model, as compared to a relative lack of impediment of Th1 or 

Th17 differentiation in mice immunized with MOGp35–55 [99]. Monson et al also showed 

that B cell depletion with rituximab in human CD20 transgenic mice was associated with 

diminished Delayed Type Hypersensitivity (DTH) and a reduction in T cell proliferation and 

IL-17 production during recall immune response experiments [100].

Pharmacological strategies that interrupt CNS immune surveillance

A reduction in the absolute number of leukocytes in the CNS can be achieved by reducing 

the number of cells in primary and secondary lymphoid organs and the peripheral blood, 

which will subsequently also diminish their numbers within the brain and spinal cord 

through a decrease in leukocytes that can be recruited. Both strategies work in patients with 

MS. However, both strategies also have side effects that are almost certainly related to their 

effects on CNS immune surveillance [101]. Mechanisms of action and potential side effects 
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of some of the relevant agents that are currently approved or frequently utilized in clinical 

practice are discussed below.

Pharmacological cell-depleting strategies

Anti-proliferative agents have been used to treat patients with multiple sclerosis for more 

than four decades. Many of these agents are nucleotide analogues that were often developed 

to treat lympho- or leukoproliferative disorders. Teriflunomide was approved in 2012 by the 

Food and Drug Administration (FDA) for treatment of relapsing forms of MS [102,103]. 

Teriflunomide is a pyrimidine synthesis inhibitor through the inhibition of dihydroorotate 

dehydrogenase. Proliferation of cells is reduced, including that of leukocytes. Additionally, 

the expression of cytokines by lymphocytes is impacted (reviewed in [104,105]). Until now, 

no opportunistic infections or neoplastic growths within the CNS have been reported. 

However, because of documented side effects with a known analog of teriflunomide, 

leflunomide, screening for latent tuberculosis has to be performed prior to the initiation of 

therapy. It is also recommended to not treat patients with a known immunodeficiency with 

teriflunomide.

Dimethyl fumarate was approved by the FDA [106] for treatment of RRMS based on the 

results of two phase III trials [107,108]. Dimethyl fumarate and its metabolites monomethyl 

fumarate are clearly anti-proliferative, as shown in studies on patients with psoriasis 

[109,110]. In addition, dimethyl fumarate appears to modulate adaptive immune-cell 

responses by shifting DC differentiation. The suppression of proinflammatory cytokine 

production and the inhibition of proinflammatory pathways are the biological results. Thus 

far, there have been two reports of PML in a patient with psoriasis and a patient with a 

diagnosis of MS who received fumaric acid preparations containing dimethyl fumarate 

[111,112]. Prolonged lymphopenia may have contributed to a higher risk for PML in these 

cases. Another contributing risk factor may have been prior immunosuppressant use [114].

Alemtuzumab is a humanized IgG1 kappa recombinant monoclonal antibody (mAb) that 

targets CD52, which is expressed on the surface of mature lymphocytes, monocytes, DCs, 

and granulocytes. Alemtuzumab was originally developed as a rat mAb to reduce the 

number of circulating T cells in order to prevent graft-versus-host disease following 

allogeneic hematopoietic stem cell transplantation [113]. Death of the cellular target is 

achieved by antibody-mediated cell cytolysis (ADCC), complement-dependent-cytolysis 

(CDC), and apoptosis [114,115]. Alemtuzumab is currently not approved for the treatment 

of patients with MS in the United States of America. However, a substantial amount of 

efficacy data and safety data was accumulated in an extensive clinical trial program that 

included two phase III studies [116,117]. The proportion of serious adverse events was not 

significantly higher in the alemtuzumab treatment arms than in the control arms in any of the 

phase II or phase III trials [116–118]. However, in both phase III studies, herpetic viral 

infections were more frequent in the alemtuzumab treatment arms [116,117]. Furthermore, 

one alemtuzumab treated patient with disseminated tuberculosis was reported [117]. One 

patient in a phase II trial on alemtuzumab fell ill with Listeria monocytogenes meningitis 

after consumption of unpasteurized cheese [118].
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Another mAb that was evaluated in clinical trial and has been widely used in clinical 

practice in patients with MS is rituximab. Originally, this agent was developed for the 

treatment of B cell lymphoma [67, 68]. Rituximab is a chimeric IgG1 mAb that targets 

CD20 on large pre-B cells, small pre-B cells, immature B cells, naïve B cells, and mature B 

cells [119–122] Thus, rituximab depletes the vast majority of cells belonging to the B cell 

lineage, and likely prevents the de novo generation of plasma cells and memory cells from 

their precursors. Its cytotoxic effect is the result of apoptosis, ADCC and CDC [65, 66]. 

Hauser et al successfully tested rituximab in a phase II trial in patients with RRMS [123]. A 

retrospective analysis of patients with different autoimmune diseases and rituximab 

treatment showed that infections may occur in up to 13% of the patients [124]. It is also 

noteworthy that there are more than 20 reported cases of progressive multifocal 

leukoencephalopathy (PML) in patients with malignancies and autoimmune disorders who 

received rituximab as monotherapy or in combination with other agents. PML is caused by 

the human polyoma virus JC, which is highly prevalent and potentially neuroinvasive. After 

the initial infection, which typically occurs in the first two decades of life, JCV becomes 

latent in the bone marrow or kidney after exposure, and appears to reactivate during 

prolonged and severe immunosuppression.

Pharmacological sequestration of immune-competent cells out of the CNS

Fingolimod is an agent with a relatively novel mode of action that is currently approved in 

the United States of America to treat patients with relapsing-remitting multiple sclerosis 

(RRMS) [125], and in Europe to treat patients with RRMS who failed first line treatment, or 

who display an evolving severe RRMS clinical phenotype [126].

Fingolimod engages the sphingosine-1-phospate (S1P) receptors on leukocytes. 

Consequently, these immune cells, and mostly CD4+ T helper cells, are unable to egress 

from lymphatic tissues [127] [71]. Specifically, fingolimod prevents the efflux of CCR7+ 

naive and central memory lymphocytes from lymph nodes, but not that of CCR7− effector 

memory T cells [128,129]. CCR7 induces homing of T cells to lymph nodes. Interstingly, 

lymphocytes that reside within lymph nodes account for approximately 2% of the entire 

lymphocyte pool, whereas effector memory cells represent the major T cell population in the 

peripheral blood.

The biological functions of circulating lymphocytes do not seem to be affected by 

fingolimod. The most common side effects of fingolimod are not related to its effects on the 

immune system, but are the result of the almost ubiquitous distribution of S1P receptors. 

However, neoplastic growth has been reported. Specifically, in clinical trials the incidence 

of cutaneous cancerous growths was increased in the fingolimod group compared to the 

interferon beta or placebo control groups [130,131]. Both, basal cell carcinomas and 

melanomas (in situ) were identified [130,131]. In addition, the Food and Drug 

Administration (FDA) is currently investigating a possible case of PML in a patient with a 

diagnosis of MS [132].

The poster child for pharmacotherapies that prevent the migration of leukocytes into the 

CNS is natalizumab, a monoclonal recombinant humanized IgG4 mAb targeting the α4-

chain of α4β1 integrin and other α4-integrin-containing adhesion molecules. The 
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development of natalizumab is the result of rational drug design based on the knowledge of 

cell migration and adhesion molecules that was accumulated over the past three decades. 

Migration of leukocytes from the blood into the CNS involves multiple steps [133]. It is 

believed that slow rolling on endothelial walls allows leukocytes to identify proper arrays of 

chemoattractants and integrin ligands. Prolonged selectin-mediated rolling of neutrophils 

and lymphocytes may also lead to integrin activation [134–136]. Once firmly arrested, 

integrins facilitate the binding of leukocytes to other leukocytes and platelets. Activated T 

cells and B cell blasts express highly adhesive integrins [137]. All other circulating 

leukocytes maintain their integrins in mostly inactive states and must undergo in situ 

modulation to develop high avidity for their specific ligands [138]. Following rolling 

adhesion, the arrest of lymphocytes and myeloid cells in venules is mediated by the in situ 

activation of at least one of the four main integrins: α4β1, LFA-1, Mac-1, or VLA-4 [133]. 

Integrins of the β1 subfamily, specifically VLA-1, VLA-2, VLA-4, VLA-5 and VLA-6, 

have been shown to facilitate leukocyte migration across the basement membrane of blood 

vessels [139], and across extracellular matrix (ECM). There is considerable redundancy: 

Multiple ligands have been identified for a single receptor, and multiple receptors bind a 

single ligand [139]. The proadhesive properties of integrins is overlapping and additive, and 

depend on specific cytoskeletal and transmembrane associations with cytoskeletal adaptor 

molecules [140]. Integrins are activated bidirectionally: (1) Cytoplasmic rearrangements of 

their subunit tail, and (2) extracellular binding by their ligands [141]. A specific combination 

of chemokines and G protein–coupled receptors (GPCRs) is required for activation of 

integrin-dependent arrest under shear flow. Engagement of α4-integrin by natalizumab 

impairs its ability to bind to vascular cell adhesion molecule-1 (VCAM-1) and its other 

ligands, including fibronectin. As a consequence, leukocytes are diminished in their ability 

to adhere to the inner lining of cerebral vascular walls, and to subsequently migrate through 

the blood-brain-barrier (BBB) into the CNS [142–145]. In 2004, natalizumab received 

accelerated approval from the FDA on basis of the interim results of two ongoing phase III 

clinical trials [146,147]. However, the occurrence of three PML cases in patients with MS 

and Crohn’s disease led to the voluntary withdrawal of natalizumab by its manufacturers in 

2005. Following an evaluation period, natalizumab was re-introduced in 2006. Currently, 

more than 400 cases of PML have been reported. These numbers illustrate the dichotomy 

between the potential benefits and risks of leukocyte sequestration out of the CNS as an 

interventional strategy in MS.

Establishing and experimental model to test CNS immune surveillance

General considerations

There is currently no experimental model that is universally accepted to assess CNS immune 

surveillance. Consequently, no such model is currently being applied to test pharmacological 

agents for their effects on leukocyte homeostasis or function within the CNS. The lack of 

such a model is a substantial shortfall in drug development as it may prevent the occurrence 

of CNS infections and neoplastic growth, or may at least lead to the implementation of a 

pharmaco-vigilance program that could detect these events.
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In order to implement an experimental animal model for CNS immune surveillance, the 

following prerequisites should be met:

• The experimental animal strain should be readily available.

• The experimental animal should be susceptible to an infection of the CNS by the 

pathogen under study.

• MHC-restricted determinants of the pathogen should be well characterized.

• Ideally, CD4+ T cell and CD8+ T cell responses should be established.

• The median lethal dose, or "Lethal Dose, 50%" (LD50) per bodyweight of the 

pathogen should be known.

• The median survival, net survival, and relative survival after exposure to the 

pathogen need to be determined.

• A tissue marker that results from pathogen exposure should be quantified and 

should correlate with host survival.

Toxoplasma gondii encephalitis

We recently devised an experimental model of CNS immune surveillance that meets all of 

the above-mentioned prerequisites (Castro-Rojas et al). The protozoan Toxoplasma gondii 

(T. gondii) is a highly prevalent obligate intracellular pathogen. While many mammalian 

species are susceptible, the main host is the felid (cat) family. The transmission of 

toxoplasmic trophozoites, or tachyzoitis occurs via the fecal-oral route, and leads to an acute 

infection that is characterized by flu-like symptoms. Immunocompetent hosts may not even 

know that they were infected. In individuals with a fully functional immune system, T. 

gondii becomes latent after two to four months. During this stage, only cyst-forming 

bradyzoites are present within the infected tissue. In immunocompromised hosts, an acute 

infection can cause encephalitis and necrotizing retinochoroiditis.

Virulence of T. gondii in mice is clone-specific: Type I clones are considered very virulent, 

type II clones possess intermediate virulence, and type III clones are thought of as avirulent. 

Type II clones are most frequently associated with human disease [148–150]. Systemic 

immune responses evoked by T. gondii have been extensively studied and involve the 

humoral and cellular arm of the adaptive immune system [151]. CD4+ T cells, CD8+ T cells, 

IL-12, and IFNγ are effectors considered highly significant in mediating resistance to acute 

and chronic T. gondii infection [152,153].

The ME49 strain of T. gondii is a type II clone. Like other mouse strains, the C57BL/6 

mouse strain is susceptible to the ME49 strain of T. gondii. The C57BL/6 mouse (H-2b) is 

of great interest to experimental and clinical neuroimmunologists for several reasons: (1) It 

is the most frequently utilized mouse strain in EAE experiments; (2) most genetically-

modified mouse strains are on the C57BL/6 background; (3) C57BL/6 mice are commonly 

backcrossed with transgenic mice or gene-deficient mice on the C57BL/6 background. 

Infection of C57BL/6 mice with T. gondii strain ME49 is characterized by a rapid expansion 

of tachyzoites in the host. Following the acute disease phase, tachyzoites differentiate into 
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bradyzoites, which form tissue cysts predominantly in the CNS. The development of tissue 

cysts defines the chronic stage of the infection. In C57BL/6 mice, the dominant epitopes of 

the ME49 strain of T. gondii have only been identified for the MHC II pathway [154,155]. 

Nevertheless, depletion of either CD4+ or CD8+ T-cell results in reactivation of the parasite, 

and is associated with rapid mortality of infected animals in this mouse strain [152]. The 

host survival of C57BL/6 mice following an infection with the ME49 strain of T. gondii is 

well established [152–154].

Conclusion

Infection of C57BL/6 mice with the ME49 strain of T. gondii is a valid experimental model 

to test CNS immune surveillance for MS pharmacotherapies. C57BL/6 mice are susceptible 

to T. gondii infection and develop encephalitis. The active infection eventually becomes 

latent. Innate and adaptive immune responses against the pathogen are well characterized in 

this mouse strain, and the survival rate is established. Parasite cysts accumulate within the 

brain, and there is an association between parasite numbers and clinical outcomes. Thus, the 

effect on any pharmacological intervention on survival, parasite numbers, and the 

composition on immune cells can be assessed.

We believe that a CNS immune surveillance experimental model that involves infection of 

C57BL/6 mice with the ME49 strain of T. gondii provides meaningful data on the 

composition and homeostasis of immune-competent cells. Knowledge derived from this 

model will enhance our knowledge on potential adverse events of monotherapies and 

combination therapies in MS and related disorders.
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