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Chapter 1 | Introduction

Multiple sclerosis
Multiple sclerosis (MS) is a demyelinating disease of the central nervous system (CNS) that
affects roughly 2.3 million people globally 1. Clinical symptoms are diverse in nature and are a
reflection of the pathology developing within the CNS. Classical symptoms of MS include, but are
not limited to: fatigue, numbness or tingling, pain, muscle spasms, bladder dysfunction, visual
problems, a loss of motor capabilities and cognitive issues 2. For patients in late stage disease,
disability accumulates and impairment of pulmonary function as a result from weakened
ventricular muscles can be fatal 3. It was estimated in 2013 that nearly 20,000 people lost their
lives due to complications associated with the disease 4.
MS has a predilection for disease occurrence in young adults. Hence, unlike other degenerative
diseases of the CNS, such as Parkinson’s or Alzheimer’s disease, MS adversely affects the quality
of life during prime activity years 5. The chronic nature of this disease, coupled with the
predilection for early onset, makes MS a tremendous financial burden for western societies as
treatment options are expensive and may be required for long periods of time 6,7. Despite recent
advances in both knowledge and development of therapeutics, there is still much to be learned
about the mechanisms underlying disease initiation and development.

Clinical progression of MS
The clinical course of MS is heterogeneous and varies per patient. There are several patterns
of disease phenotypes, characterized based upon progression of disability; or more specifically
the refractory period of activity and intensity of disease symptoms 8.
Accurate diagnosis of the clinical course, or phenotype of disease, is vital for the treatment
decision-making process and for enrollment into clinical trials. Recently, guidelines on categorizing
clinical phenotypes have been changed by the US National Multiple Sclerosis Society Advisory
Committee on Clinical Trials in MS; an effort to clarify terminology and to lead to more accurate
clinical diagnosis 9. Patients frequently visit the clinician following a first bout of neurological
deficit. During this time, patients are categorized with clinically isolated syndrome (CIS),
compatible with inflammatory/demyelination and will be diagnosed with clinically definite MS
following another attack and confirmation of CNS lesions via MRI. For CIS patients with abnormal
MRI presentation, there is an 80% chance of going on to develop MS 10. Moreover, patients with
white matter (WM) abnormalities consistent with demyelination, but which are lacking
neurological deficits, have been noted 11. These patients are categorized with radiologically
isolated syndrome (RIS). The risk of future development of clinically definite MS is lower in RIS
cases than in patients presenting with both CIS and abnormal MRI 11,12.
Disease progression can be broadly categorized as either a relapsing-remitting (RR) or
progressive course. RRMS describes a disease course where periods of disability alternate with
recovery (Figure 1). Although 85% of patients with MS have the RRMS form, the ability of patients
to recover from neurological deficit is frequently diminished as time progresses and roughly 80%
of patients will go on to develop secondary progressive MS (SPMS) 13. In a minority of cases
(±15%) the disease is progressive from onset; this is primary progressive (PP) MS. Progressive
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forms of the disease, either PPMS or SPMS, are characterized by the gradual worsening of
neurologic functions without intermittent recovery. Other variants are benign MS, a mild form,
and progressive relapsing MS, which is progressive from onset with super-imposed attacks.

Lesion activity (MRI)
Neurological symptoms

Disability

Underlying progression

Threshold

Asymptomatic

Relapsing - remitting

Secondary progressive

Figure 1. Clinical course of MS. A majority (85%) of clinically diagnosed MS patient’s start with a replapsingremitting (RR)MS form of the disease characterized by intermittent neurological symptoms followed by
recovery. In > 80 % of patients with RRMS, the ability to recover is diminished as time progresses, leading to
secondary progressive (SP)MS.

Pathological characterization of MS
General background
Pathological characterization of post mortem CNS tissue has yielded an abundance of
knowledge about underlying disease mechanisms and potential therapeutic targets 14. One of the
most prominent pathological hallmarks of MS is the presence of multiple focal demyelinated
areas (i.e. lesions or “plaques”), which are variably associated with a humoral and/or cellular
autoimmune attack on myelin 15. Oligodendrocytes produce the myelin sheaths, which wrap
around axons to ensure rapid salutatory pulse conduction and adequate trophic support to axons
16,17
. With respect to composition of myelin, a high proportion of myelin is composed of various
lipids (70-85% w/w) 18. A lesser proportion of myelin is protein (15-30%), such as myelin basic
protein (MBP), proteolipid protein (PLP), and myelin oligodendrocyte glycoprotein (MOG).
Myelin loss is readily detected by immunohistochemistry using monoclonal antibodies (mAb) to
myelin specific proteins or general histology stains such as Luxol Fast Blue 18. Demyelination is a
feature of many neurological disorders, but in early MS, myelin loss is associated with relative
axonal preservation 15.
Lesions in the MS brain are disseminated through WM and grey matter (GM) and both
spinal cord and brain tissue. Yet, there is a clear topographic predilection for certain areas of
the CNS, including optic nerves, brainstem, and cerebellum and periventricular WM regions 15.
Oligodendrocyte injury, inflammation and astrogliosis are variable and depend on the activity of
the lesion 19. Inflammation of the active lesion predominantly consists of infiltrated macrophages,
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activated microglia, and T cells, with CD8+ T cells outnumbering CD4+ T helper cells 19. B cells and
plasma cells can be observed, to a much lesser degree, in lesions, and these are often associated
near perivascular spaces 19.
Lesion classification
A hallmark of the active MS lesions is the presence of myelin-laden macrophages. This feature
along with cellular composition and myelin content of the lesion has led several prominent groups
to propose lesion staging systems 20. Lesion staging systems (Table 1) include the Bö/Trapp system,
later modified by De Groot/van der Valk and the commonly referenced Lassman/Brück method 21-25.
In November of 1997, a workshop was held for prominent neuropathologist and MS researchers to
discuss staging of MS lesions (reviewed in 26). Despite an agreement to combine features of both
Bö/Trapp and the Lassman/Brück systems into a single staging system termed the Vienna consensus,
this classification system is infrequently used 20. Regardless of the classification system used, the
research question and aim dictate the system used, and clarification of such key words has provided
guidelines for neuropathologists to compare lesions of different studies 20.
Table 1. Lesion classification.

Bö/Trapp

De Groot/van der Valk

Lassman/Brück

Active
(demyelination, hypercellular)

Preactive (microglia
Early active (MOG +
cluster, no demyelination) Mφ)
Active demyelinating
(myelin + Mφ)

Vienna consensus
inflammation/
demyelination
Infl.-, demyel.Infl.+, demyel.+
Infl. rim+, demyel.+

Chronic active (hypocellular
center, hypercellular rim)

Chronic inactive (hypocellular)

Active non demyelinating
(no myelin+ Mφ)
Chronic inactive

Chronic inactive

Late active (PLP + Mφ)

Infl.+, demyel.-

Inactive
Infl. rim+, demyel.Early remyelinating
(thinly myelinated axon)
Late remyelinating
Infl.-, demyel.(shadow plaque)
Infl.-, demyel.+

Mφ, macrophage. Infl.= inflammation, demyel.= demyelination. Adapted from 26.

WM lesion heterogeneity
Inter-individual lesion heterogeneity in WM demyelination has been described. Lucchinetti
and colleagues characterized biopsies and autopsies for immunological and neurobiological
markers 27. These authors proposed four different patterns of WM demyelination defined by
myelin loss, oligodendrocyte destruction, and antibody deposition (Table 2). It was suggested
that these patterns of demyelination were homogenous within a patient, but heterogeneous
between patients. These findings however must be interpreted with caution as other groups
failed to replicate lesion heterogeneity between patients, and inherent difficulties identifying
apoptic oligodendrocytes to apoptotic lymphocytes may confound results derived from such a
system 28,29. Others have argued that these different types of WM lesions more likely represent
different stages of demyelination, or a spectrum of activity, than distinct pathological disease 30.
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Table 2. Patterns of demyelination in white matter lesions.

Clinical phenotypes

Type I
Type II
Acute, RR, SP, PP Acute, RR, SP, PP

Type III
Acute, RR, SP

Type IV
PP

Demyelination
Perivenous pattern
Lesion edge
Concentric pattern
Myelin protein loss
Shadow plaques

+
Sharp
–
Even
++

+
Sharp
–
Even
++

–
Ill-defined
~30% of cases
MAG >> others
–

±
Sharp
–
Even
–

++
+
+++
–

++
+
+++
++

++
+
+++
–

++
+
+++
–

+++

+++

+ (↓)

±

±

++ (apoptosis)

+ (↓)
++ (periplaque
white matter)

Inflammation
T cells
B cells/plasma cells
Macrophages
Complement activation
Oligodendrocytes in plaque
Density in plaque
DNA fragmentation

RR, relapsing-remitting; SP, secondary progressive; PP, primary progressive. Adapted from 27,31.

Grey matter pathology
Historically, MS was viewed as a mainly WM disease. However, it is increasingly clear that the
extent of focal WM damage alone cannot account for the symptoms observed in the MS patients;
issues such as cognitive deficits are more strongly associated with GM injury 32 33-35. GM lesions
can be observed in the hippocampus, cerebellum and in all layers of the cerebral cortex 15. Several
distinct lesion patterns have emerged based upon the location in the cortex where they develop.
Leukocortical lesions extend from the WM into the GM; yet spare superficial cortical layers 36,37.
Leukocortical lesions, which can be seen in the earliest disease stages, frequently appear to start
from subcortical WM lesions and exhibit a relatively reduced number of immune cells compared
to the WM portion of the lesion 38. Intracortical lesions lie completely inside the GM and are
generally associated with a blood vessel. Subpial lesions are the most abundant type of cortical
lesion and are unique to MS as they are typically not observed in other human brain diseases 39.
The predilection for subpial demyelination to occur in deep sulci regions of the cortex has led
some to suggest that these lesion types may be mediated by factors present in the cerebrospinal
fluid (CSF); yet no single factor has been isolated to explain this phenomenon 40. Cortical GM
lesions are characterized by microglia activation, myelin loss and axonal injury, but are
paucicellular with respect to immune cell infiltration and only limited BBB disruption is observed
32,41
. In early stages of MS, cortical lesions have been observed to be highly inflamed and suggested
to precede WM demyelination 42. The degree of subpial cortical demyelination and
neurodegeneration has been related to the presence of meningeal follicle like structures that
may play a significant role in disease progression 43. Others, however, observed no correlation
between meningeal inflammation and subpial lesions 44. Furthermore, it is unknown whether GM
injury observed in the MS brain results from a primary (i.e. neuronal susceptibility) or secondary
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pathogenic process (i.e virtual hypoxia); it is also unclear if WM and GM tissue destruction are
induced by the same mechanism 32.

Oxidative injury and mitochondrial defects in the MS brain
Oxidative Injury
The human brain is vulnerable to oxidative stress due to the high polyunsaturated fatty acid
content of the neuronal membranes and the high oxygen consumption relative to the rest of the
body 45. Recent attention has focused on oxidative damage and mitochondrial dysfunction as
causative factors in axon related energy deficits and degeneration in the MS brain (reviewed in
46,47
). The active MS lesion is characterized by the expression and activation of an oxiradical
generating nicotinamide adenine dinucleotide phosphate-oxidase (NADPH; NOX2) in
macrophages and microglia 48. Once the membrane-bound (p22phox, gp91phox) and cytosolic
subunits (p40phox, p47phox & p67phox) are assembled (Figure 2), NOX2 produces superoxide
anion (O2-); a key first step in the oxidative injury cascade (Figure 3). Superoxide anion can be
dismutated to hydrogen peroxide (H2O2) by antioxidant enzymes, particularly superoxide
dismutase (SOD) 1 and 2, which are markedly expressed in hypertrophic astrocytes and myelinladen macrophages of the MS brain 48-50. The active MS lesion is also characterized by abundant
expression of inducible nitric oxide synthase (iNOS) in astrocytes and macrophages. The nitric
oxide synthase family mediates the conversion of L-arginine to nitric oxide (NO*) and L-citrulline;
the coupling of nitric oxide with superoxide anions yields highly toxic peroxynitrite 51. Iron
accumulates as ferric ion (Fe3+) in myelin and oligodendrocytes of the human brain upon aging
and is liberated during demyelination or oligodendrocyte death 52. The short-living superoxide
anion can transfer its free electron to ferric iron yielding ferrous iron (Fe2+), which is thought to
amplify oxidative injury via the production of highly reactive hydroxyl radicals (OH*) 53. Iron
metabolic markers, such as lactoferrin and transferrin, are altered upon demyelination and iron
rims are present in chronically expanding lesions 54,55.
2O2

2O2*2e-

gp91phox

H + NADP
+

+

p22phox
p27phox

Membrane

p40phox

p67phox

NADPH

Rac

Cytosol

Figure 2. The NADPH oxidase complex. Generation of superoxide radicals by the NADPH oxidase involves

translocation of cytosolic subunits (p40phox, p47phox, & p67phox) to membrane-bound subunits (p22phox &
gp91phox).
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Collectively, reactive oxygen species (ROS) and reactive nitrogen species (RNS) metabolites
cause metabolic stress, deoxyribonucleic acid (DNA) alkylation and peroxidation of phospholipids
and proteins 56. Oxidative injury is extensively observed in the MS brain and the presence of
markers associated with oxidative insult coincides with a marked upregulation of anti-oxidant
enzymes 50,57.
NADPH Oxidase
Xanthine Oxidase
Mitochondrial defects
O2-

O2
L.Arg

iNOS

Glutathione
peroxidase

SOD1/2
H2O2

H2O2

2H2O
catalase

H2O2

NO

2H2O

H2O2
OONO

-

OH*
Fe2+

Fe3+

3-nitrotyrosine

Oxidative
injury
Figure 3. The oxidative injury cascade. The NADPH oxidase, xanthine oxidase and mitochondrial defects

generate oxygen radical species. The anti-oxidant superoxide dismutase (SOD1/2) catalyzes the dismutation of
superoxide radicals into molecular oxygen and hydrogen peroxide. Hydrogen peroxide is reduced to water via
the energetically demanding glutathione redox cycle. If ferrous iron is present, hydrogen peroxide can form
highly toxic hydroxyl radicals. Concomitantly, the coupling of superoxide radicals with nitric oxide forms toxic
peroxynitrite. Collectively these molecules contribute to oxidative tissue injury. L.Arg= L-arginine.

Mitochondrial impairment
A major consequence of oxidative stress and oxidative tissue injury is impairment of
mitochondria, and a growing body of evidence implicates mitochondrial dysfunction as a key
contributing factor in MS pathogenesis 58-62. The mitochondrial respiratory chain is the major site
of energy production, which involves the (oxidative) phosphorylation of adenosine diphosphate
to adenosine triphosphate (ATP) 63. The respiratory chain is composed of four complexes
(Complexes I-IV,) that are made of protein subunits encoded by both nuclear and mitochondrial
DNA (mtDNA) 63.
Due to the lack of protective histones mtDNA is particularly susceptible to oxidative stress
leading to deletions and point-mutations that may be propagated during clonal expansion 64. As
cells contain many copies of mtDNA, a high ratio of deleted versus healthy mtDNA (heterplasmy)
copy numbers must exceed a certain threshold for biochemical defects to be manifested at the
cellular level 65. The MS brain is characterized by the presence of neurons functionally deficient
in respiratory chain complex IV and by mtDNA deletions throughout the GM 58,60. Respiratory
deficient neurons have been shown to contain clonally expanded mtDNA deletions or high levels
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of heteroplasmy 58. The functional consequences of the oxidative damage induced by
mitochondria impairment are numerous 47. As ATP production is diminished, the ability of the
sodium/potassium pump (Na+/K+ ATPase) to function and effectively remove intra-axonal
sodium becomes compromised, resulting in the reversal of the axolemmal Na+/Ca2+ exchanger
and increased intracellular calcium content 47,66. The energy failure and ensuing altered calcium
homeostasis not only contribute to axonal degeneration; intra-axonal ROS production would
likely increase as electrons would be liberated from the dysfunctional respiratory chain, resulting
in further amplification of oxidative injury 67. Mitochondrial injury may also induce histotoxic
hypoxia, a state of energy failure and reduced oxygen consumption. Such mechanisms have been
described in the MS brain and would contribute to degeneration 66.

Microglia

Oxidative burst

ROS
ODC

NO

ODC
Na+/K+
ATPase

Axon

Clonal
expansion

Energy
failure

Mitochondria
mtDNA Injury

ODC

Figure 4. Mitochondrial dysfunction contributes to axonal degeneration.
NO= Nitric oxide. Adapted from 47.
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Risk factors
Genetic
Although there is no single determinant risk factor for the development of MS, the use of
patient databases for epidemiological studies and the advancement of genetic technologies
enabling genome-wide association screening has identified several environmental and genetic
factors that predispose an individual to MS 68. With respect to genetic risk factors, the risk to
develop MS is genetically linked as first degree relatives of MS patients are at a 10-25 times
greater risk for developing the disease than individuals of the general population 69. Moreover,
the MS concordance in identical twins (30%), is substantially higher than in non-identical twins
(3%). While no single gene dictates the susceptibility of MS, the strongest genetic associations
are immune-oriented 70. Polymorphisms in the genomic region encoding human leukocyte
antigen (HLA) complex class II have been identified as conferring the strongest influence on MS
risk or resistance depending on the polymorphism. For instance, whereas alleles HLA-DRB1*1501,
-DRB5*0101, -DQA1*0102, -DQB2*0602, and -DRB*0101 may confer risk, alleles such as HLADRB1*14 and -DRB1*11 confer some degree of resistance to MS development 71. The main
susceptibility risk allele in MS has been shown to be HLA-DRB1*1501, yet this risk can be
completely abrogated by the co-inheritance of HLA-DRB1*14 72. Despite the strongest genetic
associations being within HLA class II region on chromosome 6p21, more than 110 non-HLA
associated genetic risk factors have been noted thus far 70.
The vast majority of non-HLA genetic risk factors encodes a function in the immune response
and ± 70% overlaps with other chronic autoimmune diseases (e.g. rheumatoid arthritis, colitis
and diabetes). One such a risk factor is a single nucleotide polymorphism (SNP) in the interleukin-7
receptor-α chain (IL-7Rα /CD127) 73. IL-7 is a type 1 cytokine family member that plays a crucial
role in both lymphopoiesis and homeostasis of B cells and T cells 74. Signaling is mediated through
binding of IL-7 to a heterodimeric receptor composed of IL-7Rα paired with the common γ chain
(CD132). Under normal circumstances, engagement of the IL-7R by IL-7 on naïve and memory T
cells exerts anti-apoptotic effects, resulting in increased cell survival 75. Whereas IL-7R is typically
down-regulated on T cells upon activation, it is selectively up-regulated on populations destined
to develop into memory T cells 76. A functional association of IL-7 and IL-7R polymorphism to MS
has also been established. MS patients have a lower threshold for IL-7-induced CD8+ cytotoxicity
and most CD8+ T cell subsets exhibit increased expression of IL-7Rα 77. The ratio of membranebound to soluble IL7Rα is altered in individuals with MS and they also have lower systemic levels
of IL-7 and soluble IL-7Rα; potentially eliciting aberrant activation of T cells 78. Furthermore, IL-7
has been shown to drive the expansion of high avidity, myelin-specific CD4+ T cells isolated from
peripheral blood mononuclear cells (PBMC) from MS patients 79. These findings, along with
observations that blockade or genetic knock out of IL-7R in rodent models is sufficient to
ameliorate disease, has led some to suggest this may be an attractive therapeutic target for MS
80,81
.
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Latitude and low vitamin D
As previously noted there are several environmental risk factors for MS, of which geographic
location, serum vitamin D, and a history of Epstein-Barr virus (EBV) infection are the most
prominent. Just like genetic factors, no single environmental association can explain the
development of MS 82. Variation in MS prevalence with respect to geographic latitude has been
noted in Europe, North America, Australia and Asiatic countries 83-86. A meta-analysis of 650
prevalence estimates from 59 countries in 321 peer-reviewed studies confirmed a latitude
gradient effect, and this evidence supported previous findings of a reduction in risk of MS when
migrating from high to low risk areas before the age of 15 87-89. The correlation of latitude may, in
part, be explained by the observation that low serum vitamin D levels are linked to MS 90. For
instance, a 41% decrease in risk per every 50 nmol/l increase of serum 25-hydroxyvitamin D
(25(OH)D) levels has been observed 91,92. As the primary source of biologically active
1,25-dihydroxyvitamin D3 (1,25(OH)2D3) is predominantly derived by sunlight mediated
conversion of cutaneous 7-dehydrocholesterol to pre-vitamin D3; living in latitudes of low
sunlight exposure may predispose an individual to low serum levels of active vitamin D 93. The
effects of vitamin D levels on the human immune system is supported by a plethora of literature
data, and converge with evidence derived from animal models of autoimmune disease 94. Vitamin
D-deficient mice experience accelerated onset of experimental autoimmune encephalomyelitis
(EAE), the animal model of MS. Direct injection of 1,25(OH)2D3 completely prevented disease
development and 1,25(OH)2D3 supplementation attenuated disease severity 95-97. In rodent EAE,
disease severity attenuation was a result from reduction in IL-17A and IL-17F expression 98.
Moreover, the Th1/Th2 T cell ratio in MS was found to be correlated to serum 25(OH)D levels,
and thus low serum vitamin D could contribute to MS progression by promoting a more proinflammatory T-cell compartment 99.
Epstein-Barr virus
Another environmental risk factor for MS is infection with EBV; a member of the γ-herpes
virus family, known to preferentially infect B cells via CD21, the receptor of complement factor
C3d 100,101. Although well known as the main etiological agent of classical infectious mononucleosis
(IM) and Burkitt’s lymphoma, it has also been associated with neoplastic diseases such as
Hodgkin’s, T cell and natural killer (NK) cell lymphomas and autoimmune diseases including
Systemic Lupus Erythematosus, Sjögren’s syndrome and MS (for review 102 103 101).
While EBV’s relationships to neoplastic malignancies are well characterized, the exact role of
EBV in autoimmune diseases, particularly MS, is unclear 101. Although EBV infects >90% of the
general population, individuals with a history of IM have a two- to three-fold increased risk of
developing MS 104. A temporal relationship between immunoglobulin (Ig)G1 titers against the EBV
nuclear antigen-1 (EBNA-1) and gadolinium-enhancing (inflammatory active) lesions has been
established 105. Elevated IgG1 titers against EBNA-1 are also predictive of disease onset 106.
Despite epidemiological and humoral immune responses implicating EBV as a causative agent in
MS, a direct role has yet to be elucidated. This relationship has been complicated by conflicting
reports of EBV in the MS brain and a lack of temporal association between viral reactivation and
gadolinium contrast-enhancing lesion identification 105 107 108. Recently, Pender and colleagues
demonstrated the MS T cell is defective in controlling EBV infection 109.
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Immunopathogenic mechanisms in MS
The recent failures and successes of therapeutics in Phase II and Phase III clinical trials has
yielded a greater appreciation for the complexity of the immunopathogenic mechanisms
governing MS 110. Although it has yet to be resolved if MS is primary a neurodegenerative disease
with secondary autoimmune attack, or a primary autoimmune disease, substantial evidence
supports a clear role of the immune system in disease progression 111. T cells are observed in the
active lesion, and T-cell related pro-inflammatory cytokines are enriched in the CSF and plasma
of MS patients 112,113. Despite conflicting reports regarding the relative importance of Th1 versus
Th17 subsets, administration of interferon (IFN)-γ exacerbates MS and IL-17 expression is
enhanced in the active lesion 114,115. Interestingly, IL-17 is detected at similar rates in the CD8+ and
CD4+ T cell in the MS brain 116. While early focus has been placed on the CD4+ Th subset in
disease progression, due to the CD4+ T cell bias of rodent EAE models, CD8+ T cells are more
frequent in the MS lesion and axonal damage correlates with the number of CD8+ T cells 113,117.
The B cell is now recognized to play a prominent role in disease pathogenesis 118. IgG and
complement are characteristic features of both type II and active MS lesions and oligoclonal IgG
bands from the CSF are a long-standing hallmark of disease 27,119. Furthermore, B cell laden
germinal center (GC)-like structures are frequently observed in RRMS and SPMS patient brains; a
link between meningeal inflammation B cell follicles and the onset SPMS has been observed
120,121
. As will be discussed in the next section, therapeutic depletion of the B cell with monoclonal
antibodies against the CD20 surface antigen (e.g. rituximab, ofatumumab or ocrelizumab)
provided the strongest evidence of a role of B cells in MS.
Although the role for the adaptive immunity has been the focus of much preclinical MS
research, the innate system also plays a clear role in disease progression and has significant
influences on adaptive immune cell effector function 122. Resident microglia cells and activated
macrophages up-regulate key molecules involved in antigen presentation and interaction with
effector T cells, secrete cytokines and regulatory molecules, and generate ROS as previously
detailed 122. Macrophages and microglia may also play a beneficial role by secretion of antiinflammatory cytokines (i.e. IL-10) or neurogenic factors such as brain derived neutrophic factor
(BDNF) 123. Furthermore, dendritic cells (DC) function as key antigen presenting cells (APC) in the
immune system, and exhibit an altered phenotype in the MS patient 124. Peripheral derived DC
exhibit elevated expression of activation markers such as CD40 and CD80, reduced expression of
the checkpoint inhibitor programmed death ligand-1 (PDL1), and secrete pro-inflammatory
cytokines, suggesting that these cells play a role in promoting a pro-inflammatory phenotype
124,125
.

Therapeutics
Pharmacological intervention
Despite the discovery of MS occurring in 1868, and documented MS-like cases being
chronicled as early as the 15th century, disease-modifying therapies were lacking until recently.
Prior to the 1990s the only treatment option offered to patients were corticosteroids, which are
neither effective in terms of reduction of relapses or slowing disease progression 126. Fortunately,
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the past few decades have brought tremendous advances in the development of disease
modifying therapies (shown in Table 3). There are currently 13 approved therapies for RRMS that
have demonstrated an ability to modify the disease severity and/or course; half of these
treatment options have become available in the last 5 years 127.
Table 3. Therapeutics approved for RRMS.

Drug

Trade name

Method

Glatiramer
acetate

Copaxone

Injectable MHC class II
molecules

Therapeutic target

Anticipated mechanism of action

β Interferons

Rebif, Betaseron, Injectable Leukocytes
Extavia, Plegridy,
Avonex

Modulation of T cell responses and
cytokine profile, down-modulation
of MHC class II expression

Mitoxantrone

Novantrone,
Ralenova

Infused

Topoisomerase

Type II topoisomerase inhibitor

Natalizumab

Tysabri

Infused

Cell adhesion
molecule VLA-4 on
lymphocytes and
monocytes

Inhibits cell migration into CNS

Alemtuzumab

Lemtrada

Infused

Cell surface marker
Depletes CD52 expressing cells
CD52 on lymphocytes
and monocytes

Dimethyl
Fumarate

Tecfidera

Oral

Nrf2 pathway

Stimulates Nrf2 pathway and is
immunomodulatory

FTY720

Gilenya
(Fingolimod)

Oral

Cell surface marker
S1P receptor on
immune cell or CNS
cells

Prevents lymphocyte lymph node
egression

Daclizumab

Zenapax

Infused

Cell surface marker
Inhibits proliferation of T cells
CD25/IL-2R on T cells

Ocrelizumab*
Rituximab
Ofatumumab

Ocrevus

Infused

Cell surface marker
CD20 on B cells

Depletes CD20+ B cells

Teriflunomide

Aubagio

Oral

Pyrimidine synthesis

Inhibits proliferation of
lymphocytes

Not fully elucidated, but mimicks
MBP for MHC class II molecules
and is Th2 skewing

* Also approved for PPMS.

The 1990s heralded a new era for both patient and researcher alike. The observation that
treatment with IFN-γ exacerbated disease and that the enhanced disease activity was associated
with activation of the immune system was a very seminal finding, demonstrating that immune
modulation could indeed alter the disease course 114. Interest shifted back to IFNβ-1b and IFNβ1α, with particular interest in IFNβ1-b as it was known to inhibit the IFN-γ pathway and was more
tolerable than interferon alphas 126. IFNβ-1b was approved by the Food and Drug Administration
(FDA) for treatment of RRMS, being the first biological agent to demonstrate an ability to modify
disease course and heralding a new era of therapy research for patients 128. Several different
formulations of both IFNβ-1a or IFNβ-1b have been approved for therapeutic use in MS, despite
common side effects including injection site reactions, headaches and flu-like symptoms
(reviewed in 127). Mechanistically it is thought that IFNβ’s induce anti-inflammatory cytokines
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such as interleukin-10 (IL-10) while inhibiting pro-inflammatory cytokines such as IL-12/-23 and
IFN-γ, and alter B-cell trafficking through the blood brain barrier (BBB) 129,130.
Glatiramer acetate (GA), commonly marketed as Copaxone and Glatopa, became the second
disease modifying therapy approved for RRMS 131. GA is not a cytokine, but a random polymer
based on amino acids prevalent in MBP, namely alanine, glutamic acid, lysine and tyrosine. The
original aim of the inventors was to antagonize the activation of anti-MBP T cells. The therapeutic
benefit of GA lies in a sound safety profile, with lower injection site reactions than IFNβ, the
ability to use it during pregnancy and minimal long term monitoring requirements 132. The first
oral therapeutic available for patients was Fingolimod (Gilenya), a drug that alters lymphocyte
migration by binding to the sphingosine-1-phosphate (S1P) receptor thereby blocking S1P-driven
lymphocyte egression from lymphoid tissue 133-135.
The development of reagents such as monoclonal antibodies (mAb) that selectively target
individual molecules expressed by cells participating in the pathogenic process, thus targeting
individual cells, has resulted in tremendous progress in the treatment of relapsing forms of MS
136
. The most noticeable clinically tested mAbs targeting specific receptors include natalizumab
(anti-α4β1 integrin/VLA-4), alemtuzumab (anti-CD52), daclizumab (anti-IL-2Rα) and mAb
directed against CD20 such as rituximab, ofatumumab and ocrelizumab 137-141. Natalizumab binds
to a cell adhesion molecule expressed on lymphocytes and monocytes thus restricting interaction
with the counterstructure vascular cell adhesion molecule-1 (VCAM-1) on BBB endothelial cells
and impeding CNS immigration of inflammatory cells. Alemtuzumab depletes CD52+ cells such as
T and B cells 140-143. Although these therapies exhibit better efficacy with respect to modulation of
disease activity and progression in comparison to the interferon class of drugs, significant side
effects exist 127,141. For instance, treatment with natalizumab is associated with increased risk of
progressive multifocal leukoencephalopathy (PML), due to reactivation of John Cunningham
virus inside the CNS. Alemtuzumab is associated with autoimmune thyroid disease, idiopathic
thrombocytopenic purpura, and can cause reactivation of herpes viruses and common infections
144-147
. For these reasons, efficacy must be carefully balanced against safety risk, and treatment
with natalizumab and alemtuzumab often is used as second or third line therapies in aggressive
forms of disease.
The remarkable clinical success of CD20 depletion with rituximab has not only greatly
benefited the patient, but also has led to a major paradigm shift for the immunopathogenesis of
MS by emphasizing the importance of the B cell in disease progression 148. With respect to RRMS,
in two identical phase 3 clinical trials, treatment with the fully human mAb ocrelizumab reduced
gadolinium-enhancing lesions by 94% and 95% compared to IFNβ-1α, and was significantly
favored with respect to the ability to improve the multiple sclerosis functional composite score;
a composite measurement of walking speed, limb mobility and cognition 138. Recently, promising
results from the ORATORIO trial were presented demonstrating a beneficial therapeutic effect of
the anti-CD20 antibody, ocrelizumab, to reduce disability progression in PPMS patients 149.
Although the clinical beneficial outcome of this trial were modest in that disability progression
was temporarily delayed and not halted, this is the first FDA approved therapeutic to modify
disease activity in PPMS 150.
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Non-pharmacological intervention
Alternative pharmacological treatment options, such as cell-based strategies, are also
currently being developed. Ablation of the adaptive immune system and installment of a new
immune repertoire via immune system ablation and hematopoietic stem cell transplantation
(HSCT) has recently been demonstrated as a very successful treatment option for individuals with
aggressive forms of MS 151. In a multi-center phase II clinical trial, HSCT therapy eliminated
disease activity in 70% of the patients for a period of 3 years or more. However one patient died
of transplantation-related complications and therefore this treatment option may be riskier than
mAb approaches 151. Cell-based approaches to stimulate autologous remyelination or neuron and
oligodendrocyte replenishment are potentially attractive strategies in late stages of disease.
Recent studies have led to the advancement of protocols isolating induced pluripotent stem (iPS)
cells from PPMS patients and the ability to differentiate these cells into oligodendrocyte
progenitor cells (OPCs) and functioning mature oligodendrocytes for basic research. Clinical trials
are now underway to assess the safety of implanting human iPS-derived OPCs into the WM of
PMS patients 152,153. Another stem cell type under investigation are bone marrow-derived
autologous mesenchymal stem cell (MSC). Transplantation of MSC has demonstrated a suitable
safety profile and there are currently ongoing phase II clinical trials (MESEMS; NCT01854957)
that will provide evidence on the efficacy of this type of therapy for disease modulation 154.
Although mitigating the CNS directed autoimmune attack is beneficial for many RRMS
patients, there is a true therapeutic need for PPMS and SPMS as during the transition of RR to SP
disease immune modulation becomes ineffective 155. The apparently diverse mechanisms driving
RRMS and PMS led some to suggest that any effective treatment regimen must include a
combination of neuro-protective, regenerative and anti-inflammatory strategies 61. The failure of
immunosuppressive medications in trials once patients are in the progressive phase of the
disease indicate that supplementation with neuroprotective therapies will be needed 154.
Neuroprotection broadly includes preservation of axons, neurons, glia and myelin integrity and
function and several pharmacological agents have been shown to be effective in EAE, yet few
have made it to clinical trial 156.

Animal models for MS
The elected animal model for MS, experimental autoimmune encephalomyelitis (EAE), was
first developed in primates by Thomas Rivers in 1933 and is now widely used to study human CNS
demyelinating disease 157. Although EAE can be induced in rabbits, guinea pigs, primates and rats,
the mouse is currently the most commonly used species. Currently, the C57BL/6 mouse is the
most frequently used and best characterized strain, which is also favored due to the availability
of well-characterized genetic strains 158. Less frequently used strains include the Biozzi antibody
high (AB/H) and the Swiss Jim Lampert (SJL) mouse.
Mouse models
Induction of EAE in the mouse is most commonly done by either active immunization with
myelin antigen, or adoptive transfer of myelin specific T cells into naïve mice (reviewed in 159).
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To break peripheral immune tolerance, myelin or myelin antigens such as myelin basic protein
(MBP), proteolipid protein (PLP) or myelin oligodendrocyte glycoprotein (MOG), is emulsified in
complete Freund’s adjuvant (CFA). In addition, Bordetella pertussis toxin is injected with the aim
to elicit synchronous development of robust disease 160-162. Moreover, there are currently several
transgenic models that develop disease spontaneously and those that are induced by virus and
toxins. A selection of frequently utilized models is listed in Table 4.

Table 4. Rodent models for MS.

Model type

Species/strain

Induction

Active
Mouse: C57BL/6 Immunization with MOG35-55 in
immunization
CFA*

Features/notes
Chronic progressive disease course

Mouse: Biozzi
ABH

Immunization with SCH, or MOG,
MOG8-21 & MOG35-55 in CFA*

Chronic relapsing to progressive
disease course

Mouse: NOD

Immunization with PLP48-70 or
MOG35-55

Chronic relapsing to progressive
disease course

Mouse: SJL

Immunization with MOG92-106,
MBP & PLP epitopes in CFA*

Acute monophasic disease course

Rat: Lewis

Immunization with MBP69-88 in
CFA

Monophasic disease course

Rat: Dark Agouti

Immunization with SCH or
MBP63-81 in IFA

Protacted relapsing disease course

Adoptive
transfer
(passive)

Mouse and rat

Transfer of myelin specific T cells
from donor mice

Disease varies according to
specificity of T cell transferred

Toxin

Mouse: C57BL/6 Oral administration of cuprizone

Non inflammatory toxicity to
oligodendrocytes

Mouse and rat

Focal injection of LPC

Focal demyelination

Rat

Ethidium Bromide

Death of oligodendrocytes and
axonal loss

Mouse: Biozzi
ABH

Semliki Forest virus

IP injection of virus resulting in
infection and demyelination of
CNS

Mouse: SJL

mouse Hepatitis virus

Acute encephalitis to chronic
neuroinflammation and
demyelination depending on strain

Mouse: SJL

Theiler’s virus (TMEV)

Early acute phase followed by
chronic demyelinating phase

Mouse: SJL

TCR for PLP 139-151

Moderate spontaneous incidence
(40-60%) of disease

Mouse: 2D2
C57BL/6

TCR for MOG35-55

Low incidence of spontaneous
(30%) optic neuritis

Mouse: B10.PL

TCR for MBP1-11

High incidence (100%) of
spontanous EAE on RAG-1
background

Viral

Transgenic

Mouse: C57BL/6 TCR MOG × IgM MOG

Severe spontaneous EAE

MOG, myelin oligodendrocyte glycoprotein; CFA, complete Freund’s adjuvant; MBP, myelin basic protein; PLP,
proteolipid protein; SCH, spinal cord homogenate; IFA, incomplete Freund’s adjuvant; LPC, lysophosphatidyl choline;
TCR, T-cell receptor; BCR, B-cell receptor. * Addition of bordetella pertussis toxin required. Reviewed in 159
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Rodent models have substantially contributed to our understanding of the MS relevant
autoimmune and neurodegenerative mechanisms, and the successful development of
therapeutics such as natalizumab, fingolimod, and glatiramer acetate. Nevertheless, the high
number of failures in the translation of data from pre-clinic research to useful medication in the
clinic has shed doubts about the relevance of these models for therapy development 140,163,164.
Some failures may be attributed to poor design of clinical trials or pre-clinical testing that does
not adequately mimick clinical application. However, many other failures can be attributed to
limitations in the predictive value of the models themselves 164.
One considerable critique of the classical rodent EAE model is that the pathogenic process is
dominated by CD4+ T cells, in particular Th1 and Th17 cells, and poorly stimulates CD8 responses
which is reflected by dominance of the CD4+ T cell in the active EAE lesion 165. This contrasts with
the MS patient where CD8+ T cells outnumber CD4+ T cells in brain lesions, regardless of the
stage or activity of disease 19. Frequently used standard models such as the MOG EAE model in
C57BL/6 mice also have a strong predilection for spinal cord WM pathology in contrast to MS
where also the brain is affected with prominent cortical involvement 166. That said, pathogenic
mechanisms of cortical demyelination can be studied using Lewis rat models, ABH mice
immunized with neurofilament proteins or with stereotactically cortical cytokine injection models
167-169
.
While oxidative damage, iron aberration and mitochondrial dysfunction are critical aspects of
MS disease progression, these features are incompletely (if at all) reflected in current rodent EAE
models 170. In the C57BL/6 mouse EAE model, ROS and RNS do indeed contribute to the initiation
of focal axonal degeneration 171. Disease severity is also ameliorated in EAE of the Lewis rat when
treated with the H2O2 scavenger, catalase 172. Macrophages isolated from the EAE rat brain also
exhibit ex vivo elevated ROS production 172. Impairment of NOX subunits gp91 and p47 has also
been shown to decrease EAE severity in rodent models 173,174. Despite the ability to develop some
degree of oxidative stress, and a proven contribution of ROS to EAE development in Lewis rat and
C57BL/6 mice, MS-like oxidative tissue injury is absent in most EAE models, with only the mouse
hepatitis virus strain (JHM-MHV) model of demyelination displaying the ability to elicit MS-like
oxidative injury in the CNS 170. In addition, iron accumulation as observed in the MS brain is not
reflected in the rodent brain. Iron accumulation in C57BL/6 mice at the age used in EAE
experiments (range 9-12 weeks) is restricted to spinal cord and brain stem nuclei and does not
occur in myelin and oligodendrocytes of brain WM 170,175. While iron-deficient mice fail to develop
autoimmune disease, this is mechanistically different from the situation in MS as disease
modification was associated with alteration of CD4+ T cell development and not modification of
free radical formation in the brain; unsurprising given the limited accumulation of iron in the
brain WM 176. Thus, lack of brain myelin iron accumulation and oxidative tissue injury represents
a major fundamental difference between mouse and man and represents a significant challenge
for the selection and development of therapeutics.
Marmoset EAE
The common marmoset (Callithrix jacchus) is a neotropical primate that is increasingly being
utilized in biomedical research as an animal model in fields such as neurodegeneration,
neuroscience, autoimmunity, regenerative medicine and toxicology 177,178. Inherent biological
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features of these monkeys such as small body size, bone marrow chimeric twin birth, and high
fertility rates have made this monkey a popular choice for modeling human diseases 179 (see also
Table 5). Moreover, unlike mice that are used in EAE studies, these animals are genetically
outbred and have a pathogen-educated mature immune system, reflecting the human immune
system. Whereas the evolutionary distance between mouse and man is approximately 90 million
years, the distance between marmoset and man is only 35-40 million years 180. As a result of
phylogenetic relationship to humans, the marmoset exhibits a more complex neuroanatomical
development, and this is reflected in a human comparable WM to GM ratio. Whereas the rat
brain only weighs 0.5% of total body weight, the marmoset brain has an average weight of 7.9
gram, or 2.7% of total body weight 181. This is much more comparable to the human situation in
which the brain is 2% of total body weight.
Table 5. Advantages and disadvantages of using marmosets for biomedical research.

Advantages
Bone marrow
chimeric twins

Studies can be performed using immunologically comparable twin monkeys.

Reproductive
efficiency

Early onset of puberty, relatively short gestation period and twin birthing yields
higher number of offspring than many other primate species.

Pathogen educated Conventional housing exposes marmosets to bacterial, fungal and viral challenges;
immune system
yet they do not carry herpes b virus.
CalHV3 infection

Natural infection with lymphocryptovirus homologous to EBV.

Neuroanatomical

Well developed cortex and particularly pre-frontal cortex. Visual cortex exposed on
surface of cerebral hemisphere. More human-like brain:bodyweight ratio than
rodent species.

Size

Ease of handling and housing compared to other primates. Long term measurement
of peripheral immune and endocrine paramaters on weekly or bi-weekly basis
not done in rodents. Therapeutics require less compound for testing than other
NHP species.

Aging

Age associated β-amyloid deposition in cerebral cortex, reduced neurogenesis in
hippocampus, and development of presbycusis.

Disadvantages
Ethical

Restrictions and experimental limitations not observed in research with
lower species. Low animal numbers hinders statistical significance for
heterogenous responses.

Costs

Experiments are much more expensive than lower species due to housing and
animal husbandry staff requirements.

Size

Housing requirements are greater than rodents, but tissue volume available for
experimentation (i.e. blood) is much less than other NHPs.

Cross-reactivity

Fewer cross-reactive diagnostic agents, such as flow cytometry and IHC antibodies,
available.

The marmoset EAE model has emerged as an ideal animal model of MS that mirrors many key
pathological and clinical features of MS disease progression 182. Induction of EAE does not require
artificial innate stimulation with bacterial components in the immunization cocktail 183. Whereas
many murine models require the inclusion of myelin antigen emulsified in CFA, EAE can be
induced in these monkeys with a peptide from human myelin oligodendrocyte glycoprotein
(MOG; residues 34-56) or a recombinant MOG protein (residues 1-125) emulsified in IFA.
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Induction of EAE results in multi-focal demyelination of WM that mirrors many characteristics of
the MS lesion 183. Like MS, these monkeys are capable of developing cortical GM pathology 183-185.
Development of cortical GM pathology in the marmoset model occurs in all layers of the GM, and
reflects similar patterns of intracortical, leukocortical and subpial demyelination as found in the
MS brain 186. Particularly striking in this model are the MS-like intracortical plaques that project
radially from microvessels, and the band-like subpial demyelination that frequently spans gyri
and seems to extend intracortically from the pia matter. Thinning of the GM has been observed
in marmoset EAE suggesting that these monkeys also exhibit neurodegenerative aspects of MS
185
.
Marmoset EAE lesions exhibit a pattern of vesicular demyelination, or concentric areas of
macrophage mediated demyelination, with relative axon sparing and focal remyelination, which
is in contrast to inflammatory panencephalitis with sparse demyelination that is observed in
CD4+ T-cell mediated rodent EAE models 148. Like MS, the disease is also juxtaposed over a
pathogen-educated immune system as housing design exposes these monkeys to environmental
pathogens 187. Marmosets are naturally infected with a lymphocryptovirus called CalHV3, an EBV
homolog, and thus these monkeys are valuable in delineating a role of the lymphocryptovirus in
disease progression 188. As marmoset EAE is a central theme of this thesis, this model will be
further discussed in detail in chapter 1.2.
Rhesus monkey EAE
Models of EAE have also been established in the rhesus macaque (macaca mulatta). Despite
a closer biological and phylogenetic relationship of rhesus monkeys to humans than both
marmoset and mouse, the EAE model in rhesus macaques is missing many key pathological and
clinical features of adult forms of RRMS, SPMS or PMS 183. In comparison to marmoset EAE, the
rhesus monkey model much more closely resembles acute disseminated encephalomyelitis
(ADEM) 189,190. Clinically, EAE evolution in these primates mirrors the aggressive nature observed
in its human counterpart ADEM. Like ADEM, disease in these monkeys is short-lasting and
aggressive, with clinical symptoms including vomiting, vision impairment, and neurological
deficits such as hemiparesis 183. Pathologically this model also closely resembles ADEM with
respect to development of peri-vascular confluent lesions and a role of neutrophilic granulocytes
in disease induction. It is unclear why these two primate species diverge from each other so
drastically in terms of pathological and clinical disease course.
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Abstract
New drugs often fail in the translation from the rodent experimental autoimmune
encephalomyelitis (EAE) model to human multiple sclerosis (MS). Here, we present the marmoset
EAE model as an indispensable model for translational research into MS. The genetic
heterogeneity of this species and lifelong exposure to chronic latent infections and environmental
pathogens create a human-like immune system. Unique to this model is the presence of the
pathological hallmark of progressive MS, in particular cortical grey matter lesions. Another great
possibility of this model is systemic and longitudinal immune profiling, whereas in humans and
mice immune profiling is usually performed in a single compartment, i.e. blood or spleen
respectively. Overall, the marmoset model provides unique opportunities for systemic drugeffect profiling.
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Introduction
Multiple sclerosis (MS) is a chronic autoimmune neurological disease affecting young adults
with an average disease onset in the second or third decade of life. Clinical symptoms involve the
motor, sensory, visual, and autonomic systems. MS is pathologically characterized by
inflammation, demyelination, and degeneration of the central nervous system (CNS) 1.
For exploratory and applied research into MS the use of an animal model is indispensable.
The most commonly used animal model for MS is experimental autoimmune encephalomyelitis
(EAE), which has been established in rodents and non-human primates (NHP). EAE is induced in
genetically susceptible laboratory animals by active immunization with myelin constituents
emulsified in an adjuvant, such as complete Freund’s adjuvant (CFA) or incomplete Freund’s
adjuvant (IFA) 2-4.
The rodent EAE model has produced an enormous amount of knowledge on the pathogenic
process, has led to the development of several immunotherapies and is often used for efficacy
tests of potential drugs. However, promising effects of new leads are often not reproduced in MS,
contributing to the current high attrition rate due to lack of efficacy in phase II clinical trials 5. One
of the major causes for this translation failure is the immunological distance between humans
and young, inbred, specific-pathogen free (SPF)-raised laboratory rodents 6. Therefore, we
propose that the use of EAE models in species that are immunologically and genetically more
closely related to humans, such as common marmosets, should be considered more often in
preclinical research to examine efficacy of potential drugs. In addition, the marmoset offers a
unique ability to investigate the mode of action of drugs in higher species in more detail.

Therapy: From mouse to marmoset to man
The availability of effective drugs for MS has tremendously improved during the last two
decades. Some of the current therapies were selected based on efficacy in EAE, others were
already being used in other human diseases and translated to MS. For example, glatiramer
acetate directly emerged from findings in EAE; it was developed as a mimic of myelin basic
protein, but instead suppressed EAE 7. The observation that blocking of the integrin a4b1 integrin
(VLA4) inhibited T-cell trafficking across the blood-brain barrier and thereby prevented the
development of EAE in mice 8, led to the development of the anti-VLA4 antibody Natalizumab 9.
An example of an already approved drug that was horizontally translated to MS with unexpected
success is rituximab, which had been used since the late nineties as a treatment for B cell
lymphoma 10. However, the list of therapies that cured EAE, but failed in MS, is much longer than
the list of successes (reviewed in 11). For example, an antagonist of tumor necrosis factor (TNF) a,
which is a highly effective therapy in rheumatoid arthritis, prevented the development of EAE in
SJL/J mice 12, but exacerbated disease in MS patients 13.
Although currently approved drugs are effective in reducing the expanded disability status
scale (EDSS) and white matter (WM) pathology in some MS patients, there are still many
unanswered questions. Why do some patients respond and others not? Why do some patients
develop serious adverse effects as progressive multifocal leukoencephalopathy (PML) or thyroid
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disease and others not? What are the long-term effects of current treatments on grey matter
pathology? What are the long-term effects of depleting all B cells on the structure and function
of the lymphoid organs? These aspects should be investigated in MS models that are sensitive to
drugs used in patients. Such models have been established in laboratory primate species: the
common marmosets (Callithrix jacchus), rhesus macaque (Macaca mulatta) or cynomolgus
macaque (Macaca fascicularis).

EAE in the marmoset as a preclinical model for MS
The common marmoset is a small-bodied New World monkey with an evolutionary distance
from humans estimated at 35 million years. Marmosets are used as a relevant model in several
biomedical disciplines, e.g. infectious diseases, neuroscience, and drug development 14.
Advantages and disadvantages of the model are summarized in Table 1.
Table 1

Advantages and disadvantages of the marmoset experimental autoimmune encephalomyelitis (EAE)
model
Advantages
• Therapeutic experiments require small amounts of test compound because the marmoset is relatively
small compared with larger macaques
• The outbred nature of the marmoset reflects human genetic heterogeneity
• Marmosets are born as bone marrow chimeric twins caused by the shared placental bloodstream
making fraternal siblings immunologically more similar than siblings from different births. This principle
can be used in two-legged therapy trials where one sibling is treated with the experimental compound
and the other sibling with placebo
• EAE is induced at adult age when the immune system is fully matured
• Human-specific biological therapeutics often cross-react with the target in marmosets
• The conventional housing implies free exposure to immune-shaping pathogens from the ‘milieu
exterieur’ (environment, gut flora) and the ‘milieu interieur’ [e.g. latent infection with herpes viruses
homologous to cytomegalovirus (CMV) and Epstein–Barr virus (EBV)]
• Systemic and longitudinal immune profiling is possible in the marmoset
• Pathology, including grey matter lesions and iron changes, resembles that of multiple sclerosis (MS)
• The marmoset provides a unique opportunity to study the effect of human skin-derived induced
pluripotent stem cells
Disadvantages
• Ethical limitations: when the same information can be obtained in lower species marmosets cannot be
used. The number of animals can sometimes be too low to reach statistical significance
• High costs not only of the monkeys themselves but also of the housing and care
• Cross-reactivity of diagnostic reagents, such as FACS antibodies, is limited
• Amount of blood that can be withdrawn is limited, although new techniques enable obtaining relevant
data with small blood samples
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EAE in the common marmoset can be induced by recombinant human myelin oligodendrocyte
glycoprotein (MOG) or a MOG peptide covering residues 34 to 56 (MOG34-56) emulsified in CFA
15
. Refinement of the model led to a clinically and pathologically similar disease when CFA was
replaced by IFA, a much milder adjuvant that lacks the mycobacteria 3,4. The marmoset EAE
model has been validated by several immunotherapies or used for reverse translational research
(Box 1).
Box 1: Forward and reverse translation in marmoset EAE.
• Anti-IL12p40 mAb: Blocking of IL-12p40 before immunization with myelin/CFA
completely protected against EAE in marmosets. Blocking of IL-12p40 once T2-weighed
lesions were present after immunization with rhMOG/CFA delayed the clinical course.
Unexpectedly, the same treatment (ustekinumab) lacked clinical efficacy in RRMS 46.
• Anti-CD20 mAb: CD20+ B-cell depletion by rituximab, ofatumumab and ocrelizumab
reduced the annualized relapse rate, EDSS, and white matter lesions in RRMS 23. In
addition, there are some indications that ocrelizumab can be used for PPMS. Similar
results were obtained in the marmoset EAE model: an anti-CD20 mAb, a clonal variant of
ofatumumab, prevented the development of clinical symptoms as well as white and grey
matter lesions 46.
• Anti-BLyS/Anti-APRIL mAb: Atacicept, a fusion protein that blocks the function of BLyS
and APRIL, failed in a phase II trial for MS. A reverse translation study was performed in
the marmoset in which B cells were depleted by anti-BLyS and anti-APRIL mAbs, but the
effect on the clinical scores was minimal. A possible explanation for this effect lies in the
depletion of the γ-herpesvirus CalHV3, as described elsewhere in this paper and
reviewed in 47.
• IFNγ: Administration of interferon (IFN)-γ, the signature and immune-active cytokine of
Th1 cells, exacerbated disease activity in RRMS, while treatment with anti-IFNγ antibody
had only minor clinical effects. In the MOG34-56/IFA marmoset EAE model, early or late
treatment with IFN had no effect on the disease course 48. Interestingly, Th1-associated
humoral and cellular autoimmune parameters were affected, which points to a key role
of Th17 cells in this model.

A recently developed EAE model in the marmosets is induced by immunization with a
subclinical dose of recombinant rat MOG in IFA followed by stereotactic injection of TNF-α and
IFN-γ into the cortex and the corpus callosum at day 70. An advantage of this model compared to
models without stereotactic injection is that lesions develop within a predictable time frame
(three weeks in 86% of the animals). In addition, confluent lesions develop at the injection sites
reminiscent of human MS lesions. A disadvantage is that some marmosets developed small,
perivascular foci of demyelination rather than large confluent demyelinating lesions, which
makes it difficult to interpret the effect of a new therapy on lesion development 16.

43

1

Chapter 1 | Introduction

Heterogeneous response to treatment due to outbred nature
Why is it important to test new compounds in higher species than only rodents? Mouse
models are 100% inbred, which in essence resembles testing the efficacy of a compound in one
MS patient. When the compound does not have an effect in mice, it may still be effective in a
subgroup of MS patients, and if a compound cures 100% of the mice from EAE, it may be effective
in only a subgroup of MS patients. Evidence for the existence of MS subgroups emerged from the
observation that approximately 30% of MS patients did not respond to treatment with IFN-β 17. It
was found that in clinical responders to IFN-β treatment the disease had a Th1-skewed cytokine
profile, whereas in non-responders to IFN-β treatment the disease had a Th17 dominated
cytokine profile 18. In contrast to inbred mice, which within one strain all have a similar disease
course and response to treatments, outbred marmosets have a heterogeneous disease course
and can respond differently to a treatment reflecting their outbred nature. We recently reported
that blocking the IL-7 receptor (IL-7R; CD127) was effective only in fast disease progressors,
which occurred in three of six marmoset twins; the treated sibling developed clinical symptoms
almost 100 days later than the placebo-treated sibling. However, in the three late responder
twins, blockade of IL-7R had no effect, suggesting that blocking IL-7 signaling may be a good
strategy for a subpopulation of MS patients 19.
A challenge when testing a treatment that lacks a 100% effect is the statistical power analysis
and the closely linked ethical constraints. A powered study design for a drug with, for example, a
clinical effect in 50% of the animals would lead to group sizes that are ethically unacceptable.
When an experiment has been performed in small groups and the clinical outcome is not
significantly different, the clinical relevance and biological consequences of a compound should
be appreciated as well. It may very well be that a drug has an effect on a subpopulation of MS
patients as described above, or that a compound has not significantly changed the clinical
outcome, but does induce biological changes, such as a cytokine shift 4. The ability to assess a
magnitude of parameters (i.e. multi-compartment immune profiling, body weight and CNS
pathology) and the use of bone marrow chimeric twins provides a controlled system for wide
profiling of a drug and thus conclusions should not be based on a single parameter, such as
development of clinical symptoms. We propose that scientific journals and pharmaceutical
companies should more appreciate such types of studies with small groups of animals, as they
can give valuable information about the possible effect in MS patients 20.

Secondary lymphoid organs are required to investigate the
mode of action
The mode of action of a compound in MS patients is routinely investigated in blood as
lymphoid organs or samples from the target organ are usually not available. However,
measurements in blood often inadequately reflect systemic effects on the immune system.
A lymphocyte is only transiently present in blood when it circulates from lymph node to lymph
node. Lymphocyte generation occurs in primary lymphoid organs (thymus, bone marrow) and
the activation, differentiation, and proliferation occurs in secondary lymphoid organs (SLO;
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spleen and lymph nodes), while effector functions are exerted within the target organ. SLO are
needed to get a complete picture of a treatment effect (e.g. level of B-cell depletion) and the
mode of action, but also of the cause of adverse effects.
In marmosets, a sufficient amount of venous blood can be longitudinally collected for analysis
of immune parameters during the in vivo phase of an EAE experiment; such information can be
collected from patients, but not from mouse EAE models. At the end of the experiment, primary
and secondary lymphoid organs can be collected for in depth analysis of the activation,
differentiation, proliferation and migration of lymphocytes; such information can be collected
from mouse EAE models, but not from patients. We have observed in several experiments, that
disease parameters measured only in blood insufficiently represent treatment effects and mode
of action of a drug. Proliferation and cytokine production of blood mononuclear cells stimulated
with myelin antigens used for disease induction are usually low, whereas in spleen and lymph
nodes these responses are much higher indicating that the pathogenic cells reside in SLO. In
addition, treatment of marmosets with a monoclonal antibody against CD20 led to a 100%
reduction of CD20+ B cells in blood, whereas in spleen some CD20+ B cells were still present 21. In
the same studies, we observed that autoreactive T cells were depleted from blood as they were
retained in the SLO. Such examples show that results obtained in blood cannot always be
extrapolated to SLO.
SLO have been used for in depth investigation of the mode of action of a treatment. B-cell
depletion is very effective in reducing clinical symptoms as well as pathology in MS. However, the
exact role of B cells is still unknown. The availability of SLO from marmosets treated with an antiCD20 mAb 21 enabled us to show that B-cell depletion altered the homing of T cells to secondary
lymphoid organs and changed the phenotype of T cells within the SLO; these effects were not
found in blood 22. Our current knowledge of the mode of action of B cell-depleting antibodies
could never have been gained when only human blood had been analyzed.
In depth knowledge of the working mechanism of already approved broadly
immunosuppressive drugs for MS, such as alemtuzumab (lemtrada; Campath-1H), can be useful
in the development of more refined treatments with less side effects. Alemtuzumab is a
humanized IgG1 mAb against human CD52, which is highly expressed on all T and B cells. In
humans, alemtuzumab has received worldwide clinical approval for the treatment of chronic
lymphocytic leukemia, and more recently for refractory MS 23. The profound therapeutic effect of
alemtuzumab in RRMS is based on the depletion of all circulating CD52+ T and B cells. However,
it has been observed that in a substantial proportion of treated patients (± 30%) rebound
autoimmune disease develops, most often of the thyroid gland. This percentage is much higher
than the incidence of autoimmune thyroiditis in the human population 23. The mechanisms
underlying this adverse effect are unknown and could very well be investigated in NHP. It has
been observed that a few weeks after administration of alemtuzumab to MS patients,
repopulation of lymphocytes occurs in the circulation, leading to a rebalance of the immune
system. The number of B cells returns to pre-treatment baseline levels three months after
infusion of alemtuzumab, whereas the repopulation of T cells in the periphery required 9-12
months. However, the different repopulation kinetics did not correlate with MS disease activity.
Some research has been performed in cynomolgus monkeys 24, but a more in-depth analyses of
the SLO remains to be performed.
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Figure 1. Grey matter lesions in the marmoset
EAE model. A shows an overview of a

proteolipid protein (PLP) staining of the cortex
in which multiple demyelinated areas can be
recognized. The rectangle indicated by 1 is
shown at higher magnification in B (bar =
200µm) and depicts two intracortical lesions.
The same intracortical lesions were stained for
myeloid-related protein (MRP)14 (C). This
staining shows an active lesion (left lesion)
with many (recently infiltrated) macrophages
and an inactive lesion (right lesion) with
macrophages only at the rim of the lesion. A
subpial lesion is indicated by the rectangle 2 in
A. Adapted from 36.

Grey matter lesions as a marker for disease progression
The modeling of MS pathology in the marmoset benefits from the similar architecture and
anatomy of the marmoset and human CNS. The neuroanatomy and the ratio between WM and
GM in the marmoset brain are comparable to humans 25. Multiple sclerosis was viewed as a
mainly white matter (WM) disease for a long time, but since about a decade it has become clear
that lesions are also present in the grey matter (GM) and that these play an important role in
clinical worsening of patients with progressive MS 26. In MS, four types of cortical grey matter
lesions can be discerned. The most common lesions are subpial (type III), which are extensive and
involve several neighboring gyri. Less common lesion types are intracortical and often small and
perivascular (type II), large and cortex-spanning (type IV), or leukocortical (type I), which span
both the WM and GM 27.
A major advantage of the marmoset EAE model compared to mouse models is the presence
of GM lesions that display the characteristic features of MS pathology, including redistribution of
iron and mitochondrial degeneration 28. However, while lesion development in the white matter
can be well visualized and characterized on conventional magnetic resonance (MR) images 29-31,
this is more problematic for lesions developing in the cortical GM. Three types of GM lesions
have been found in marmoset EAE, which are comparable with GM lesions observed in MS 32-35.
Leukocortical lesions accounted for 57% of the total number of cortical lesions found in the
marmoset. Intracortical lesions (Figure 1B-C) were found in two of the six marmoset brains
examined, whereas subpial lesions (Figure 1A) accounted for 88% of the total demyelinated
cortical area. Activated macrophages and microglia were found in leukocortical and intracortical
lesions, but the density was lower than in WM lesions, as has also been described for MS. Subpial
lesions expressed only marginal signs of inflammation 32. Furthermore, the cortical thickness was
reduced in marmosets with EAE compared to controls, but no differences were observed
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between demyelinated and myelinated areas 34. Intracortical, but not subpial, lesions displayed Ig
leakage and complement deposition 33.
Since GM lesions have a strong impact in disease deterioration, it is expected that therapies
targeting mechanisms underlying GM lesion formation have a high impact on MS. The marmoset
EAE model can be used to select compounds capable of reducing GM lesion load. Although the
role of the immune system in the generation of GM lesions is still unclear, the model predicted
that B-cell depletion may prevent the development of these lesions 36. In line with our prediction,
the recently opened trial of the anti-CD20 mAb ocrelizumab showed encouraging clinical benefit
in primary progressive MS (presented at the ECTRIMS 2015; http://www.roche.com/investors/
updates/inv-update-2015-09-28.htm).
The cause of GM lesions can be investigated in the marmoset EAE model with the final aim to
develop a therapy against progressive MS. As not all marmosets develop GM lesions, comparison
of animals with and without GM lesions with transcriptomic or genomic techniques can provide
valuable information. Unraveling of the underlying mechanism can not only help with the
identification of therapy targets, but also provide leads for the development of an animal model
for progressive MS in which GM lesion dominate.
The MS-like pathology of the marmoset EAE model is also relevant for studies aiming at repair
by, for example, stem cells. We reported previously on the marked clinical effect of human neural
stem cells, which were administered via the intravenous route 37. However, regeneration of
damaged CNS tissue was not detectable. A more recently tested approach used oligodendrocyte
precursor cells (OPC) that were differentiated from human fibroblast derived-induced pluripotent
stem cells (iPS) and injected into the corpus callosum of marmosets with EAE. We observed that
the iPS-derived OPC migrated towards the lesions where the contact with demyelinated axons
seemed to induce differentiation and production of new myelin 38. Future studies are warranted
to investigate whether repair by iPS-derived OPC can be improved.
A potentially important physiological hallmark of marmosets is the similar metabolism of iron
as in humans, which contrasts with rodents 39. In humans, oligodendrocytes in the aging brain
accumulate iron, which is liberated by demyelination of MS lesions 40. Iron can amplify oxidative
stress, which is also seen in MS brains. Similar to MS, iron accumulation and liberation has been
observed in the marmoset EAE model 28, but not in rodent EAE 41. This makes the marmoset a
relevant model for the development of therapies that target iron and oxidative stress; which is
particularly relevant to progressive forms of disease.

EBV-infected B cells play a crucial role in disease mechanism
Infection with Epstein-Barr virus (EBV), a human herpesvirus, is suggested to increase the risk
for MS, albeit with contradictory results (reviewed in 42). Symptomatic infection with EBV
(infectious mononucleosis) later in life increases the risk for MS compared to non-symptomatic
infection early in life 43. All MS patients have serum immunoglobulin (Ig) G antibodies (Ab) against
EBV, whereas anti-EBV IgG levels are detected in 80-90% of healthy individuals, and in MS
patients the anti-EBV Ab titers are higher than in controls. Anti-EBV IgG levels in cerebrospinal
fluid (CSF) did not differ between MS patients and patients with non-MS inflammatory CNS
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disease and EBV RNA could not be detected in the CSF of MS patients. It has therefore been
suggested that EBV-infected B cells migrate to the target organ where they become a source of
autoantibodies and provide co-stimulatory signals to auto-aggressive T cells. Indeed, EBV-positive
B cells were found in the meninges of MS brains, but others could not confirm this 42.
To investigate the role of a human pathogen in MS it is essential that the animal in which the
disease is modeled is susceptible to infection with that pathogen or closely related counterparts.
Non-human primates (NHP) are naturally infected with viruses that are closely related to their
human counterpart. Thus, in contrast to SPF-bred rodents, conventionally held colonies of NHP
have experienced the immune shaping effect of environmental pathogens throughout their
development and may therefore be a good representation of the situation in humans.
Marmosets are naturally infected with CalHV3, a γ-herpesvirus that shares many similarities
to human EBV 44. The CalHV3 load in SLO was profoundly reduced in animals treated with the
anti-CD20 mAb compared to non-treated animals, but not when only B-cell growth factors were
targeted 45. Interestingly, this coincided with the clinical result: anti-CD20 mAb therapy reduces
the clinical score and pathology of marmosets with EAE, whereas mAb targeting the B-cell growth
and differentiation factors BlyS/BAFF or APRIL were only partially effective. This observation
suggests that B cells infected with the EBV-related CalHV3 play a crucial role in the disease. This
advantage of marmosets can be of use in future therapy development. Especially for therapies
developed for selective depletion EBV-infected B cells, the efficacy can very well be analyzed in
the marmoset EAE model.

Concluding remarks
Although the availability of effective drugs for MS has improved during the last two decades,
a valid preclinical animal model is still needed. The model should be relevant for tests of the
efficacy, the mode of action, or the long-term effects. We propose that the EAE model in the
common marmoset provides a useful model for preclinical studies because of its genetic
heterogeneity, the lifelong exposure to chronic latent infections and new environmental
pathogens, the systemic immune profiling, and the presence of pathological hallmarks of
progressive MS, grey matter lesions in particular.
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Despite advances in basic knowledge and development of therapeutics to modify disease, the
precise etiology of MS remains unclear. There is a great need to develop refined therapies that
halt all forms of disease and have less adverse effects than current treatment options. For both
basic and applied research, animal models have contributed to the knowledge of pathogenic
mechanisms of disease, and have aided in the development of therapeutics.
The aim of the research described in this thesis was to i) determine how closely non-human
primate EAE models reflect MS, thus determining their relevance and limitation for applied and
basic research and ii) utilize these models to provide insights into mechanisms driving disease.
Several lines of evidence indicate an important role of lymphocryptovirus (EBV/CalHV3)infected B cells in MS and marmoset EAE 1. We hypothesized that the lymphocryptovirus infected
B cell plays an important role in the egression of the T cell from the lymphoid organs based upon
previous observations. Therefore, we assessed the interaction between EBV-infected B cells and
T cells in chapter 2.1. Co-cultures of autologous EBV transfected B cells were performed with T
cells from MOG34-56/IFA-immunized marmosets and immunological parameters focused on
T-cell function were assessed. Since, lymphocryptovirus-infected B cells constitutively secrete the
cytokine IL-7, the role of IL-7 in marmoset EAE was assessed in chapter 2.2 2. Induction of EAE by
MOG34-56/IFA was performed in twin marmosets, with one twin receiving a mAb directed
against the IL-7Rα (CD127). Longitudinal immune profiling was performed during the course of
the study and both CNS and secondary lymphoid organs was examined post necropsy.
Peripheral immunization with myelin antigens induced activation of the immune system and
the development of CNS specific pathology (chapter 3.1-3.3). Understanding the features and
limitations of a model with respect to how closely it mirrors human disease is vital for preclinical
testing. Therefore, in chapter 3.1 a pathological analysis of oxidative injury in marmoset EAE
models was performed, as this is a crucial pathway in MS. This comprehensive analysis examined
mechanisms that induce oxidative stress and injury, and examined the role of iron in pathology
development. Oxidative stress and injury impacts mitochondria. Based upon findings in chapter
3.1, and the observations that the MS brain is characterized by impairment of neuronal
mitochondria function, we determined to which extend these organelles are impacted (discussed
in chapter 4.0).
As GM pathology is a prominent feature of MS, and may be caused by mitochondria
impairment or axonal degeneration, in chapter 3.2 we compared cortical pathology of marmoset
EAE induction protocols 3,4. The aim of this chapter was to provide insight into the development
of GM injury and to determine if refinement of the model had any effect on the ability to elicit
this type of pathology.
In chapter 3.3 we performed a pathological characterization of the rhesus monkey EAE
model, with an emphasis on oxidative stress pathways.
Finally, in chapter 4, the implications of the experimental data obtained in this thesis are
discussed in terms of pathogenic mechanisms of EAE and MS; both from periphery to the CNS.
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Abstract
Non-human primate models of human disease have an important role in the translation of a
new scientific finding in lower species into an effective treatment. In this study, we tested a new
therapeutic antibody against the IL-7 receptor α chain (CD127), which in a C57BL/6 mouse model
of experimental autoimmune encephalomyelitis (EAE) ameliorates disease, demonstrating an
important pathogenic function of IL-7. We observed that while the treatment was effective in
100% of the mice, it was only partially effective in the EAE model in common marmosets
(Callithrix jacchus), a small-bodied Neotropical primate. EAE was induced in seven female
marmoset twins and treatment with the anti-CD127 mAb or PBS as control was started 21 days
after immunization followed by weekly intravenous administration. The anti-CD127 mAb caused
functional blockade of IL-7 signaling through its receptor as shown by reduced phosphorylation
of STAT5 in lymphocytes upon stimulation with IL-7. Group-wise analysis showed no significant
effects on the clinical course and neuropathology. However, paired twin analysis revealed a
delayed disease onset in three twins, which were high responders to the immunization. In
addition, we observed markedly opposite effects of the antibody on pathological changes in the
spinal cord in high versus low responder twins. In conclusion, promising clinical effect of CD127
blockade observed in a standard inbred/SPF mouse EAE model could only be partially replicated
in an outbred/non-SPF non-human primate EAE model. Only in high responders to the
immunization we found a positive response to the treatment. The mechanism underpinning this
dichotomous response will be discussed.
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Introduction
IL-7 is a type 1 cytokine family member that plays a crucial role in both lymphopoiesis and
homeostasis of B and T lymphocytes 1. The IL-7 signaling pathway has raised much interest as
target of immunotherapy in human autoimmune disease. Recent findings showed that blockade
or deletion of the IL-7 receptor ameliorates T-cell-mediated autoimmune disease, such as in
C57BL/6 and SJL/J mice models of experimental autoimmune encephalomyelitis (EAE); the
animal model for MS 2-4.
Signaling is mediated through binding of IL-7 to a heterodimeric receptor composed of a
common γ chain (CD132) shared between several cytokine receptors, paired with an IL-7
receptor-specific α chain (IL-7Rα/CD127) 5. Under normal circumstances, engagement of the IL7R by IL-7 on naive and memory T cells exerts anti-apoptotic effects, resulting in increased cell
survival 5. Whereas IL-7R is typically down-regulated on T cells after activation, it is selectively
up-regulated on populations destined to develop into memory T cells 6. IL-7 has also been shown
to drive the expansion of high avidity, myelin-specific CD4+ T cells isolated from peripheral blood
mononuclear cells (PBMC) from multiple sclerosis (MS) patients 7 and elevated plasma levels of
IL-7 are associated with disease severity in systemic juvenile rheumatoid arthritis patients 7,8. A
direct relationship between IL-7 and psoriasis has been found 9. Collectively these data highlight
the IL-7 signaling pathway as an attractive therapy target in autoinflammatory disease.
The aim of the current study was to test whether the promising and robust clinical effects
observed in the inbred/specific-pathogen free (SPF) mouse EAE models, could be replicated in an
outbred, non-SPF model more closely related to humans. We used a well-established EAE model
in the common marmoset (Callithrix jacchus). EAE was induced by immunization with peptide
34-56 of human myelin oligodendrocyte glycoprotein (MOG34-56) in incomplete Freund’s
adjuvant (IFA) 10. Previous findings hint at a role for the IL-7 signaling pathway in EAE developing
in marmosets immunized with recombinant human myelin oligodendrocyte glycoprotein
(rhMOG)/CFA. Depletion of CD20+ B cells in the marmoset EAE model inhibits the activation and
lymph node emigration of T cells and consequently prevents the development of clinical
symptoms and pathology 11-13. In B-cell depleted marmosets, CD127 expression on T cells was not
down-regulated, but IL-7 mRNA levels were profoundly suppressed 12. In addition, in B-cell
depleted marmosets the viral load of CalHV3, which is the marmoset lymphocryptovirus
equivalent of Epstein-Barr virus (EBV), was reduced 14. The human EBV+ B cell constitutively
secretes IL-7 15, suggesting that the CalHV3+ B cell is one of the IL-7 sources in the marmoset EAE
model.
The experiment comprised seven marmoset twins. Fraternal siblings were treated with a
chimeric mAb raised against human CD127 blocking IL-7 mediated signaling in marmoset
mononuclear cells, or PBS as control. The weekly treatment was started 21 days after
immunization, well after priming and clonal expansion of autoreactive T and B cells. Here, we
report that contrary to a profound clinical effect on EAE of CD127 blocking observed in inbred,
SPF mice, blockade of CD127 in the outbred conventionally housed marmoset did not exert a
general beneficial effect on the clinical course of EAE. Examination of a possible effect in individual
twins, we observed a delayed EAE onset in three twins, which similar to the C57BL/6 mouse
strain were high responders to sensitization against MOG.
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In conclusion, the data obtained in the marmoset EAE model only partially replicate the
robust clinical effect of anti-CD127 mAb in mouse EAE and predict that only a subset of patients
will show a clinical response against the treatment.

Material and Methods
Animals
Seven adult (female, age ranging between 2-5 years) outbred common marmoset twins were
obtained from the purpose-bred colony at the Biomedical Primate Research Centre (Rijswijk,
Netherlands).
Fraternal twin siblings were equally and randomly divided over two groups such that the two
experimental groups each contained one sibling of each twin. The placebo-treated group had an
average (± SD) body weight of 421±50 gram and the anti-CD127 mAb-treated group had an
average body weight of 394±42 gram. The groups had an average age of 42±10 months. All
experimental procedures were reviewed and approved by the Institute’s Animal Ethics Committee
and animals were housed and handled according to the Dutch Law on animal experimentation.
The animal facilities of BPRC have been inspected and accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care International (AAALAC) in full.
EAE induction
EAE was induced with a synthetic peptide representing amino acids 34-56 of human MOG
(MOG34-56; Peptide 2.0 Inc, Chantilly, VA) emulsified in IFA (Difco Labs, Detroit, MI). The
inoculum contained 100 μg MOG34-56 in 200 μl PBS and was emulsified in 200 μl IFA by gentle
stirring for at least 1 h at 4ºC. The emulsion was injected as 4 spots of 100 μl into the dorsal skin
under sedation by alfaxalone (10 mg/kg alfaxan; Vetoquinol, Den Bosch, The Netherlands) with
booster immunizations occurring every 28 days until development of overt neurological disease
(EAE score > 2) was observed. Marmosets were monitored and scored daily based upon a
standard scoring system 16. Briefly, score 2= ataxia or optic disease; and 2.5= paresis of two limbs.
For ethical reasons monkeys were sacrificed once paresis of two or more limbs (score ≥ 2.5) was
observed.
Anti-CD127 mAb administration
The test substance (21D8) was a chimeric mAb raised against marmoset CD127. The chimeric
Ab was generated by fusing the VH and Vk gene of mAb 21D8 with that of human IgG1 constant
region and of the k chain constant region, respectively. This recombinant anti-CD127 mAb was
produced by Pfizer Inc. (San Francisco, CA) and injected intravenously such that animals received
10 mg/ml/kg per treatment. Fraternal control siblings were administered 1 ml PBS/kg body
weight. Dosing was performed once a week starting at 21 days after immunization and continued
for 14 weeks.
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Blood and tissue collection
Marmosets reaching EAE score 2.5 were sedated by intramuscular injection of alfaxalone for
collection of venous blood volume of 1.5 ml. Marmosets were subsequently euthanized by
infusion of sodium pentobarbital (Euthesate®; Apharmo, Duiven, The Netherlands). Upon
necropsy, lymph nodes from axillary (ALN), inguinal (ILN), lumbar (LLN) and cervical (CLN) regions
as well as the spleen were harvested. The brain, spinal cord, and optic nerve were collected for
histology (formalin) and immunohistochemistry (snap frozen in liquid nitrogen).
Venous blood was collected from the femoral vein into EDTA-vacutainers every other week
during the course of the study and at necropsy. PBMC from blood and mononuclear cells (MNC)
from secondary lymphoid organs (SLO) were isolated as previously described 17.
Proliferation assay
MNC isolated from peripheral blood or SLO were tested for proliferation against MOG34-56
(5 µg/ml), rhMOG (5 μg/ml), ovalbumin (Ova; 5 μg/ml), and ConA (5 μg/ml) as described
previously 17. Incorporation of 3H-Thymidine (0.5 μCi/well). was determined using a matrix 9600
β-counter (Packard 9600; Packard Instrument Company, CT). Results are expressed as stimulation
index, which is calculated by dividing the counts per minute (cpm) of stimulated cells by the cpm
of unstimulated cells. A stimulation index above 2 is set as cut-off for a positive proliferative
response.
Cellular phenotyping
PBMC and MNC from SLO were phenotyped by flow cytometry 17. Briefly, cells were stained
with a violet viability stain (Invitrogen, Molecular Probes, Carlsbad, CA) to exclude dead cells
followed by an FcR blocking reagent (Miltenyi Biotec). Subsequently, cells were stained with
commercially available mAb against CD3 (SP43-2), CD4 (L200), CD27 (MT721), CD45RA (5H9),
CD56 (NCAM 16.2), and HLA-DR (L243) (All from BD Biosciences, San Diego, CA); CD279 (J105)
and CD127 (ebioDR5) (both from Ebiosciences, San Diego, CA); CCR7 (150503, R&D systems,
Minneapolis, MN); CD20 (H299, Beckman Coulter. Pasedena, CA); CD40 (B-B20, Abcam,
Cambridge, UK), and CD8 (LT-8, Serotec, Dusseldorf, Germany). Cells were fixed in 1% Cytofix (BD
Biosciences).
Flow cytometric measurements were performed utilizing the FACS LSRII and data was
analyzed with FlowJo software (Treestar, Ashland, OR). The gating strategy to determine
phenotype was as follows: live cells were first selected as violet viability stain negative cells. Next,
lymphocytes were identified based on forward scatter (FSC) and side scatter (SSC). Within the live
lymphocyte population, CD3- and CD3+ cells were determined. Within the CD3+ T cell population,
CD4+CD8- and CD4-CD8+ cells were distinguished. Within these subpopulations, other markers,
such as CCR7 and PD1, were analyzed. The figures show the percentage of cells within the parent
gate, which is indicated before the forward slash (/).
In vitro phosphorylation of STAT5 as bioassay for IL-7 signaling
Phosphorylation of STAT5 (pSTAT5) was measured in PBMC and MNC obtained from SLO.
Briefly, 2x105 cells were stimulated with 1 ng/ml recombinant human IL-7 (rIL-7, Peprotech,
Rocky Hill, NJ) for 15 min at 37oC. Cells were fixed with 1% Cytofix (BD Biosciences) and
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permeabilized with 100% methanol (VWR, Amsterdam, The Netherlands) for 10 min at 4oC. After
washing, cells were stained with mAb directed against pSTAT5, CD3 and CD4 (BD Biosciences).
Flow cytometric measurements were performed utilizing the FACS LSRII (BD Biosciences) and
data were analyzed with FlowJo software (Treestar). Lymphocytes were identified based on
forward scatter (FSC) and side scatter (SSC). Within the lymphocyte population, CD3+ cells were
determined, which were subsequently divided into CD4- and CD4+ cells. An Ab against CD8 could
not be included due to limited availability of fluorochromes resistant to methanol. Within the
CD4- and CD4+ populations, cells positive for pSTAT5 were selected.
Quantitative PCR
The isolation of RNA and the qPCR assay were performed as described previously 17. Briefly,
isolation of RNA from snap frozen spleen and lymph nodes was performed using an RNeasy
minikit following manufacturer’s protocol (Qiagen, Hilden, Germany). cDNA was synthesized
from mRNA using the RevertAid First Strand cDNA Synthesis Kit (Fermentas, St. Leon-Rot,
Germany) and qPCR was performed using an iTaq supermix and CFX96 Real-Time system (BioRad, Hercules, CA). Transcript levels were normalized against the reference gene Abelson (ABL) 18.
Immunohistochemistry and histology
Immunohistochemical staining was performed on paraffin embedded tissue isolated at
necropsy. Paraffin sections were cut into 3-5 mm, deparaffinized and stained with haematoxylin/
Eosin and Luxol Fast Blue/Periodic Acid Schiff to assess inflammation and demyelination. Tissue
sections were also stained with anti-CD3 for T cells (A0452; Dako), anti-MRP14 for macrophages
(BMA Biomedicals, Switzerland), anti-CD20 for B cells (clone L26; Thermo Scientific) and an Ab
against proteolipid protein (PLP, MCA 839G; Serotec,UK).
Inflammation was visualized by staining infiltrating cells with hematoxylin and eosin, CD3,
CD20, or MRP14. The inflammatory index of the spinal cord is given as the average number of
inflamed blood vessels/spinal cord cross section. A total of 10-12 sections per animal were
analyzed. WM demyelination in the spinal cord was measured on a total of 10-12 cross sections
by using a morphometric grid. Demyelination in the brain was determined as follows: brain
sections stained for LFB/PAS were scanned at 1000 dpi with an Agfa Duoscan scanning device.
Images were then imported in the public domain program ImageJ (version 1.46r). In density slice
mode, first the total amount of white matter was measured. Lesions in WM were selected by
freehand mode and their size was measured. Finally the demyelination in WM was calculated as
percentage of total WM. Six sections of the brain of each animal were analysed, amounting to
approximately 6 cm2 of WM in total.
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Statistics
Clinical data are presented as survival curves (Kaplan-Meier estimator). Difference in (diseasefree) survival was statistically tested using the Log-Rank test. Grouped data are presented as box
and whisker plots with the box extending from the 25th and 75th percentiles, the whiskers
extending from min to max, and the median data point being shown as a line. Individual data is
presented as dot plots, with bars indicating mean values. Statistical analysis was performed using
Prism 6.0b for Mac OS X. Data was analyzed using the Mann-Whitney U test. p<0.05 was
considered statistically significant.

Results
Functional blockade of CD127
Functional blockade of marmoset CD127 by the anti-CD127 mAb was analyzed on biweeklycollected PBMC and on MNC isolated from SLO taken at necropsy. Cells were stained with a
commercially available fluorochrome-labeled anti-human CD127 mAb (anti-CD127-FITC;
ebioDR5). In vitro tests showed that this labeled detection Ab binds to an overlapping epitope as
the therapeutic anti-CD127 mAb (data not shown). Therefore, a reduction of CD127+ cells shows
that CD127 is occupied by the therapeutic anti-CD127 mAb or that CD127+ cells are deleted.
Figure 1A shows clearly reduced binding of anti-CD127-FITC mAb to CD4+ and CD8+ T cells in
PBMC collected at 1, 3 and 5 weeks after first administration (on psd 21) of the therapeutic (antiCD127) mAb. However, the level of anti-CD127-FITC binding increased progressively in the Ab
treated group and the difference between treated and control groups became negligible beyond
day 70, indicating decreasing occupancy of CD127 by the administered therapeutic mAb. The
reduction was equally strong in the CD4+ and CD8+ T-cell compartments. Nevertheless, at
necropsy a significantly lower percentage of anti-CD127-FITC mAb binding to CD4+ and CD8+ MNC
from blood, spleen, and ALN was detected (Figure 1B), suggesting that the test substance was
still biologically active. CD127 blockade did not induce a compensatory mechanism of enhanced
IL-7 or CD127 mRNA expression.
To assess whether in vivo blockade of CD127 by the therapeutic mAb abrogated IL-7 signaling,
the phosphorylation of STAT5 was analyzed after ex vivo exposure of MNC to IL-7. MNC from
venous blood or SLO were stimulated with 1 ng/ml IL-7 for 15 min and subsequently stained for
pSTAT5. The percentages of pSTAT5+ T cells following first administration of the therapeutic mAb
were significantly reduced (Figure 2A), correlating with the significantly reduced binding of antiCD127-FITC mAb. The percentage of cells positive for pSTAT5 was also reduced in MNC from SLO,
although inhibition was not significantly different between control and treated animals
(Figure 2B).
In conclusion, the therapeutic anti-CD127 mAb displayed significant in vivo target cell binding
as well as biological activity in the marmoset EAE model. Although the effect is detectable in the
blood for a limited period of time, it could still be detected in the lymphoid tissue compartment
analyzed at necropsy.
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Figure 1. The anti-CD127 mAb blocks CD127 on T cells in the periphery and secondary lymphoid organs. Paired

marmoset siblings received weekly intravenous injection of anti-CD127 mAb or placebo. PBMC were isolated
every two weeks and MNC from secondary lymphoid organs were obtained at necropsy. CD127 blockade was
analyzed by flow cytometry. A, The percentage of CD127+ cells in PBMC relative to day 0, i.e. 21 days before
treatment. Shown is mean ± SEM of the 7 animals per group. The x-axis represents the post sensitization day.
Note that during the disease course, the number of animals in the group averages decreases due to ethical
withdrawal from study. B, The percentage of CD127+ cells within the CD3+CD4+ and CD3+CD8+ T cells isolated
from blood and secondary lymphoid organs harvested at necropsy. Each Box-Whisker plot represents 7
animals. C, IL-7 and CD127 mRNA expression levels were determined by qPCR. Shown is the expression
relative to the reference gene ABL. The number of animals included per organ differed due to availability of
material: PBS-treated marmosets: spleen n=6, ALN n=7, ILN n= 5, LLN n=4; Anti-CD127 mAb treated
marmosets: spleen n=5, ALN n=5, LLN n=5, ILN n=6. Statistical significance (P<0.05) is indicated by an asterisk.
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Weekly administration of anti-CD127 mAb did not result in general protection against EAE
Marmosets immunized with MOG34-56/IFA were assessed daily for clinical signs of EAE
(Supplemental figure 1). Marmosets were humanely sacrificed upon reaching EAE score 2.5, or
at a predetermined end date (psd 150). The survival curves in figure 3 show a modest delay in the
onset of neurological deficits in the group receiving the anti-CD127 mAb, although the effect was
not statistically significant. In one set of twin siblings (M10033/10034) we did not observe signs
of neurological deficit; therefore, they were withdrawn from the experiment alive and excluded
from further postmortem immunological analysis.
Inflammation and demyelination in the central nervous system (CNS) are pathological
hallmarks of EAE. No significant differences were observed between treated and control animals
with respect to inflammation and demyelination when analyzed as complete groups (Figure 3B).
In conclusion, no significant effect of the anti-CD127 mAb on the clinical course and pathology
was observed in the marmoset EAE model.
Blockade of CD127 did not have a general effect on T-cell survival and expression of
activation markers
Hematological parameters were assessed during the course of the study. No treatmentrelated alterations in the percentages of monocytes, neutrophils and lymphocytes were observed
(Supplemental figure 2). Flow cytometric analysis revealed no change in the percentage of total
CD3+ T cells, CD4+ T cells or CD8+ T cells, neither in PBMC nor in the SLO (Supplemental figure 2).
In addition, no alterations were observed in the percentage of T cells expressing CD56, a marker
for NK-CTL, or CD45RA, a marker that can be used to distinguish naïve and memory T cells (data
not shown).
A detailed immune phenotyping for activation and identification markers was performed
during the course of the study and at necropsy. Blockade of CD127 had a significant effect on the
percentage of CCR7+ T cells in PBMC at necropsy (Figure 4A), which was not observed in biweekly
bleedings (data not shown). This effect was seen both in CD4+ and CD8+ T cells regardless of
CD45RA expression (data not shown). Despite an apparent trend toward reduced PD1 expression
on CD8+ T cells isolated from the ALN at necropsy, no statistically significant treatment effects in
PD1 expression in both CD4+ and CD8+ T cells during biweekly bleedings or at necropsy were
observed (Figure 4B).
In addition, we observed different CD27 expression in CD4+ PBMC at psd 42 and 112
(Figure 4C). However, at necropsy no difference in the CD4+ subset was observed (data not
shown). These findings are compatible with immunological changes associated with EAE onset,
which are abrogated by the treatment with anti-CD127 mAb.
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Figure 5. Alterations in B cells after CD127 blockade. PBMC (n=6) isolated every two weeks (A) and isolated MNC
were obtained from treatment (n=5) and control (n=6) marmosets at necropsy (B) were stained for CD3, MHC
Class II, the B cell marker CD20, and the co-stimulatory molecule CD40. Represented are cells within the live
lymphocyte population. Statistical significance (P<0.05) is indicated by an asterisk.

Prior studies with anti-CD20 mAb in the EAE model induced with MOG34-56/IFA, highlighted
an important pathogenic role of CD20+CD40+ B cells 13,14. Hence, the effect of the anti-CD127 mAb
was tested on this B cell subset. Figure 5A shows that following immunization with MOG34-56/
IFA increased percentages of CD3-CD20+ CD40+ MNC, as well as CD3- and MHCII-DR+ MNC were
found in PBMC during biweekly bleedings. This increase was less pronounced in the treatment
group (Figure 5A). In the lymphoid organs collected at necropsy, there was a trend towards a
reduced percentage of CD3-CD20+CD40+ and CD3-MHCII-DR+ cells in spleen, ALN and ILN and an
increased percentage of CD3-CD20+CD40- cells in the spleen of anti-CD127 mAb treated monkeys
(Figure 5B). However, the effect was not statistically significant.
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Figure 6. CD127 blockade does not affect proliferation or IL-17A production. A, MNC (n=6) isolated at necropsy

were stimulated with MOG34-56 or rhMOG for 48 h and radiolabeled with 3H-thymidine. The stimulation
index is calculated by dividing the counts per minute (cpm) of stimulated cells by the cpm of non-stimulated
cells. A stimulation index above 2 is considered as proliferation. A, No significant differences in proliferation
were observed between treatment and control animals after ex vivo stimulation by MOG34-56 or rhMOG. B,
Supernatants were analyzed for the production of IL-17A following 48h stimulation. No significant differences
in IL-17A production were found between treatment and control animals after ex vivo stimulation by MOG3456 or rhMOG. Statistical significance (p<0.05) is indicated by an asterisk.

Blockade of CD127 did not alter T cells responses to antigen-stimulation
We investigated whether treatment with the anti-CD127 mAb altered the proliferative
response of T cells to ex vivo stimulation with MOG34-56 or rhMOG. Blockade of CD127 did not
significantly alter the proliferative response to MOG34-56 or rhMOG, neither in PBMC collected
during the disease course (data not shown), nor in MNC from lymphoid organs collected at
necropsy (Figure 6A).
Next, the production of a panel of cytokines after ex vivo stimulation with MOG34-56 and
rhMOG was analyzed. The levels of IFN-γ and IL-2 in supernatants from MOG34-56 and rhMOG
stimulated MNC were negligible (data not shown). Although IL-17A was detected after
stimulation, no difference between the treatment group and control group was observed
(Figure 6B). Furthermore, no significant differences between groups were observed for mRNA
expression levels of TNF-α, TGF-β1, IL-10, Foxp3, M-CSF and GM-CSF in total spleen or LN (data
not shown).
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Figure 7. Distinct immunological differences between fast and slow EAE progressors. Data was further analyzed

by subgrouping twins according to the response to treatment. A, Paired analysis of twin marmosets at day of
sacrifice with full-blown EAE. B, Inflammation, demyelination, and the number of infiltrated T cells and
macrophages were reduced in the spinal cord of treated animals of fast progressor twins, but not in slow
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Discussion
We report that promising clinical effects of CD127 (IL-7Rα) blockade in mouse EAE models
were only partly replicated in the marmoset EAE model induced by immunization with MOG3456 emulsified in IFA. While treatment with anti-CD127 mAb exerted a robust clinical effect in a
genetically inbred mouse EAE model, responses to CD127 blockade were less obvious in the
marmoset EAE model. One explanation for the different clinical effect of CD127 blockade might
be that EAE in mice and marmosets are driven by different pathogenic mechanisms 19. Another
explanation may be the short period that functional blockade of IL-7 signaling was detectable in
blood. However, we noticed that occupancy and blockade of CD127 by the therapeutic Ab could
still be detected in T cells isolated from blood and SLO harvested at necropsy, which was often
three to four days after the last dose. In contrast, the biweekly analysis of CD127 blockade in
PBMC was seven days after the previous dose. This suggests, in scope of treatment frequency,
that anti-drug antibody development had negligible impact on study outcome.
One surprising finding was the relatively limited impact of CD127 blockade on T-cell subsets
and responses. Administration of recombinant IL-7 protein to EAE mice exacerbates disease
while conversely treatment either therapeutically or prophylactically with anti-IL-7Rα neutralizing
mAb mitigates EAE severity via partial depletion of naïve and effector memory CD4 and CD8 T cell
subsets 2-4. Although deficiencies in IL-7R alter both Th1 and Th17 populations, work by Lee et al.
strongly supports the notion that IL-7 plays a role in the development of pathogenic Th1 cells, but
not the Th17 cell 2. These authors demonstrate that elevated levels of serum IL-7 predict Th1
driven forms of MS. In addition, murine and human naïve T cells differentiate into Th1 cells when
stimulated with IL-7 2. Furthermore, anti-CD127 antibodies mitigate murine EAE severity at the
expense of Th1 responses 2,3. Although we cannot draw conclusions regarding IL-7 in Th1
responses in our model due to limited detection of IFN-γ in our model, we do show that CD127
blockade had negligible impact on IL-17A production, regardless of EAE progression.
An important characteristic of the outbred marmoset EAE model is heterogeneity in clinical
and pathological presentation, which likely reflects genetic differences between individual
monkeys. An interesting observation was an apparent treatment effect in a subgroup of
marmosets, which were all characterized by fast disease progression. In previous experiments in
which twins were used and the therapy failed, we observed that in most twins EAE develops
around the same day (own unpublished observations). The present study consisted of 7 bone
marrow chimeric twins where one sibling was treated with anti-CD127 mAb and one sibling with
PBS. When comparing the day of sacrifice with full-blown EAE between siblings, we observed
that in three twins (M09033/M09034, M09128/M09129, M11019/M11020; Figure 7A) the
treated animals developed evident neurological impairment 60-90 days later than their PBStreated siblings. These three PBS treated siblings developed EAE by day 55 and therefore these
twins are called fast EAE progressors. In the other three twins that developed EAE at a much later
stage and were therefore slow EAE progressors, no delay was observed in the treated sibling. In
addition, typical EAE-related histological changes in the spinal cord histology were also reduced
in the treated sibling of the fast progressor twins (Figure 7B). This may indicate that the antiCD127 mAb blocked a pathogenic process that drives fast disease progression. Interestingly, we
did observe a lower frequency of CD3-CD20+CD40+ cells in spleen and lymph nodes of the anti-
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CD127 mAb treated siblings of the fast EAE progressor twins compared to the PBS treated siblings
(Figure 7C). Unfortunately the power analysis performed prior to start of this study, as an ethical
requirement to limit the number of NHP used for research, did not account for such heterogeneous
responses to CD127 blockade and thus precludes a post hoc analysis. We believe that this
heterogeneity in response to CD127 blockade highlights challenges in the translation of data
obtained in genetically inbred models to outbred populations, and may have implications on
future trial design in MS studies.
The IL-7/CD127 pathway likely plays a role in MS pathogenesis. Polymorphisms of the IL7Rα
gene are among the established non-HLA related immune genetic risk factors for MS 20. Enhanced
expression of both IL-7 protein and IL-7 mRNA is found in the cerebrospinal fluid of MS patients,
with T cells isolated from the periphery and CNS exhibiting increased IL-7R expression 20,21.
Evidence now suggests that IL-7 promotes cytotoxicity of the CD8+ T cell in the MS patient,
something not seen in healthy cohorts or animal models 7,21. Unlike previous reports of a role in
IL-7 in expansion of MBP specific T cells in MS patients 7, we did not see alterations in ex vivo
MOG34-56 stimulated T cells.
In conclusion, we report that a beneficial effect of CD127 blockade in murine models could
not be fully replicated in a marmoset EAE model. It is pertinent to emphasize here that most
mouse EAE studies in which efficacy of CD127 blockade was demonstrated were based on MOGimmunized C57BL/6 mice. This frequently used strain is selected for its strong reactivity against
MOG. The observation of a positive clinical response to CD127 blockade in high responder
marmoset twins implies that the mouse EAE data are essentially replicated in the marmoset EAE
model. The reported data therefore does not preclude a potential effect of the anti-CD127 mAb
in relapsing-remitting MS in patients, but may predict that only a sub-group of patients may
respond.

Acknowledgement
The authors like to thank H. van Westbroek (BPRC) for the artwork and Dr. E. Remarque (BPRC)
for statistical advice. J. Dunham was funded by the European Union with a Marie Curie Fellowship
(ITN NeuroKine; 316722), and the authors are grateful for this support.

74

CD127 blockade in marmoset EAE

2
Control

Anti-CD127 Ab

M09034

20

3.0
2.5

10

2.0

0

M09033

20

3.0
2.5

10

2.0

0

1.5

1.5
-10

1.0

-20
-30

0.5
0

15

30

45

60

75

90

M09129

20
10

105

120

135

1.0

-20

0.0
150

-30

3.0

20

2.5

10

2.0

0

-10

0.5
0

15

30

45

60

75

90

0.0
105 120 135 150

M09128

3.0
2.5
2.0

0

1.5

1.5
-10

1.0

-20
-30

0.5
0

15

30

45

60

75

90

M10034

20

3.0

20

0.5
0

15

30

45

60

75

90

0.0
105 120 135 150

M10033

3.0
2.5

10

2.0

0

1.5

1.5
-10

1.0

-20
-30

0.5
0

15

30

45

60

75

90

M10041

20

-30

3.0

20

2.0

0

1.0

-20

0.0
105 120 135 150

2.5

10

-10

0.5
0

15

30

45

60

75

90

0.0
105 120 135 150

M10042

3.0
2.5

10

2.0

0

1.5

1.5
-10

1.0

-20
-30

0.5
0

15

30

45

60

75

90

M11019

20

1.0

-20
-30

3.0

20

2.0

0

-10

0.0
105 120 135 150

2.5

10

0.5
0

15

30

45

60

75

90

0.0
105 120 135 150

M11020

3.0
2.5

10

2.0

0

1.5
-10

1.0

-20
-30

0.5
0

15

30

45

60

75

90

M11042

20

1.0

-20
-30

3.0

20

2.0

0

1.5
-10

0.0
105 120 135 150

2.5

10

0.5
0

15

30

45

60

75

90

0.0
105 120 135 150

M11041

3.0
2.5

10

2.0

0

1.5
-10

1.0

-20
-30

0.5
0

15

30

45

60

75

90

M11053

20
10

1.5
-10

1.0

-20

0.0
105 120 135 150

-30

3.0

20

2.5

10

2.0

0

0.5
0

15

30

45

60

75

90

0.0
105 120 135 150

M11054

3.0
2.5
2.0

0

1.5

1.5
-10

1.0

-20
-30

0.5
0

15

30

45

60

75

90

0.0
105 120 135 150

Clinical score

Body weight (%)

-30

2.0

0

1.0

-20

0.0
105 120 135 150

2.5

10

-10

-10

1.0

-20
-30

0.5
0

15

30

45

60

75

90

105

120

135

0.0
150

post sensitization day
Figure S1. Clinical data. Clinical scores of individual animals. Body weight loss is indicated with a dotted line (left

y-axis) and clinical score with a solid line (right y-axis). Treatment period is indicated in grey. Arrows indicate
the day of immunization or boost with MOG34-56/IFA.
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Figure S2. Hematological analysis. A, Hematological analysis during the study showed no treatment-induced

alterations of monocytes, neutrophils or lymphocytes populations as a percentage of total white blood cells
(n=6). B, Isolated PBMC (n=6) during the biweekly bleedings were stained with lymphocyte identification
markers and gated based on living cells. No change in percentages CD3+, CD3+CD4+ and CD3+CD8+ T cells
isolated from blood were found during the course of the study. C, T cell subsets of isolated MNC from SLO and
peripheral blood from control (n=6) and treatment (n=5) marmosets.
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Abstract
Despite the well-known association of Epstein-Barr virus (EBV), a lymphocryptovirus (LCV),
with multiple sclerosis, a clear pathogenic role for disease progression has not been established.
The translationally relevant experimental autoimmune encephalomyelitis (EAE) model in
marmoset monkeys revealed that LCV-infected B cells have a central pathogenic role in the
activation of T cells that drive EAE progression. We hypothesized that LCV-infected B cells induce
T-cell functions relevant for EAE progression. In the current study, we examined the ex vivo crosstalk between lymph node mononuclear cells (MNC) from EAE marmosets and (semi-) autologous
EBV-infected B-lymphoblastoid cell lines (B-LCL). Results presented here demonstrate that
infection with EBV B95-8 has a strong impact on gene expression profile of marmoset B cells,
particularly those involved with antigen processing and presentation or co-stimulation to T cells.
At the cellular level, we observed that MNC co-culture with B-LCL induced decrease of CCR7
expression on T cells from EAE-responder marmosets, but not in EAE monkeys without clinically
evident disease. B-LCL interaction with T cells also resulted in significant loss of CD27 expression
and reduced expression of IL-23R and CCR6, which coincided with enhanced IL-17A production.
These results highlight the profound impact that EBV-infected B-LCL cells can have on second and
third co-stimulatory signals involved in (autoreactive) T-cell activation.
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Introduction
Epstein-Barr virus (EBV), a causative agent of classical infectious mononucleosis (IM), is a γ-1
herpes virus and the human representative among a larger group of primate lymphocryptoviruses
(LCV) 1,2. Despite numerous lines of evidence indicating an association between EBV and
autoimmune conditions such as multiple sclerosis (MS), an exact pathogenic role in autoimmune
diseases is unclear 3. As non-human primates (NHP) are naturally infected with EBV-related LCV
they provide potentially relevant animal models in which the relationship between EBV and
autoimmunity can be explored. The experimental autoimmune encephalomyelitis (EAE) model in
common marmosets (Callithrix jacchus) is a translationally relevant model of the autoimmune
neurological disease MS 4. The common marmoset is also host to a B-cell transforming
lymphocrypto/γ1-herpes virus, CalHV-3 (callithrichine herpes virus 3), which is considered to be
homologous to EBV 5. Via reverse translation analysis of therapies that did (anti-CD20 monoclonal
antibodies)6 or did not (atacicept)7 show a beneficial effect in MS clinical trials, we discovered a
new pathogenic role of B cells in the activation of myelin oligodendrocyte glycoprotein (MOG)specific T cells in this model 8. In brief, we discovered that the opposite clinical effect of these
treatments might be explained by the differential depletion of B cells infected with CalHV-3 9.
These and other findings led us to postulate that LCV-infected B cells have a core pathogenic role
in the marmoset EAE model that is endowed by the virus infection10.
The aim of the current study was to gain deeper insight into the cross-talk between LCVinfected B cells and autoreactive T cells isolated from marmosets sensitized against MOG34-56
formulated with the mineral oil incomplete Freund’s adjuvant (IFA). This formulation induces a
progressive MS-like disease characterized by MS-like pathology in the white and cortical grey
matter of brain and spinal cord 11,12. We first analyzed using RNAseq which B cell genes relevant
for T-B communication were expressed at higher level after LCV infection. For these experiments,
we used EBV from the cell line B95-8. In addition, we tested the role of several receptor-ligand
pairs using monoclonal antibodies.
The results demonstrate that interactions between LCV-infected B cells and lymph nodederived T cells from MOG34-56/IFA immunized marmosets lead to profound phenotypic
alterations of T cells. These data may be interpreted as an attempt of the EBV-infected B cells to
escape the immune system by phenotypically altering the T cells in critical markers related to
homing, Th17 responses, development and function that may partially explain the temporal
association between EBV and autoimmune diseases.
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Material and Methods
Cell source
Consistent with the 3R principles of animal experimentation, this research was performed
with surplus cells from scheduled EAE studies in which the efficacy of new therapies was tested.
Due to the limited number of cells available from some marmosets, not all assays could be
performed for all individuals. Marmosets treated with pharmacological agents were included in
this study only after individual analysis of data found no discrepancies between placebo and
treated animals. Mononuclear cells (MNC) isolated from axillary lymph nodes (ALN) were
obtained from 14 adult (female, age ranging between 2-5 years) common marmosets (Callithrix
jacchus) enrolled in EAE studies. All marmosets were acquired from the purpose-bred colony at
the BPRC (Rijswijk, Netherlands) and declared in good health by veterinary staff prior to
enrollment into the study. Health checks included physical examination and tests for
hematological, serological and microbiological abnormalities.
The used EAE model was induced with a synthetic peptide representing residues 34-56 of
human myelin oligodendrocyte glycoprotein (MOG34-56; Cambridge Research Biochemicals Ltd,
Cleveland, UK, sequence = GMEVGWYRPPFSRVVHLYRNGKD) emulsified with IFA (Difco Labs,
Detroit, MI) as previously described 13.
Ethics
The EAE experiments from which MNC were derived for this research were reviewed and
approved of by the Institute’s Animal Ethics Committee. Marmosets were housed and handled
according to the Dutch Law on animal experimentation. The animal facilities of BPRC have been
inspected and accredited by AAALAC in full.
Generation of EBV-infected B-LCL
The B95-8 EBV strain, henceforth indicated as EBV, was isolated from a human with infectious
mononucleosis and has been maintained for decades in marmoset lymphocytes 14. The virus
infects human and marmoset B cells, providing a well-established and frequently used
experimental model of EBV infection.
Four weeks prior to the start of the EAE studies B-LCL were generated by infection of blood
MNC with human EBV B95-8 13. Briefly, PBMC were cultured with supernatant from the EBVproducing B95-8 cell line for 1.5 h at 37°C. Following incubation, cells were diluted at a 1:1 ratio
with RPMI-1640 (Gibco Life Technologies, Bleiswijk Netherlands) culture medium containing 1
µg/ml phytohaemagglutinin and supplemented with 10% v/v heat-inactivated fetal calf serum
(Gibco), 2.0 mM L-alanyl-L-glutamine (Gibco) and 50.0 U/ml penicillin/streptomycin (Gibco).
Following successful transformation, cells were maintained in culture medium without
phytohaemagglutinin until further use. Cells were mycoplasma negative and exhibited no
irregularities.
Co-culture of MNC with EBV-infected B cells
At necropsy of MNC donors, the (semi-) autologous B-LCL were collected from culture,
irradiated at 50 Gy to prevent proliferation and stained with 1.0 μM CellTrace Violet (Molecular
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Probes, OR) for flow cytometric identification. B-LCL were mixed with MNC (n=14) from the ALN
(1:1) and incubated in RPMI-1640 (Gibco) culture media supplemented with 10% v/v heatinactivated fetal calf serum, L-alanyl-L-glutamine (Gibco) and penicillin/streptomycin, and cells
were plated directly in 96-well V-bottom plates for initial (0 h) flow cytometric analysis or in 24well plates for longer incubation periods (48 h). Blocking of marmoset MHC molecules was
performed with mAbs directed against human MHC class II (clone PDV5.2) and MHC class I (clone
W6/3) at 1:100 ascites dilution after which cells were pulsed with MOG34-56 peptide.
Polyethlene terephalate cell culture inserts (1 µm pore; BD Falcon, MA) were used for
transwell culture conditions, whereby B-LCL and MOG34-56, were loaded into the top chamber,
and MNC were loaded into the bottom chamber (1:1). Flow cytometric based assays for detecting
trogocytosis were performed with 3 h co-culture periods and utilized MHC blocking and transwell
systems as described above.
Cellular phenotyping
MNC were phenotyped by flow cytometry as previously described 13. Briefly, cells were
stained with an LIVE/DEAD Fixable Aqua Dead Cell Stain (Invitrogen, Molecular Probes, Carlsbad,
CA) for 25 min at room temperature to exclude dead cells. An FcR blocking reagent was used to
block nonspecific antibody staining (Miltenyi Biotec, Germany). Subsequently, cells were stained
with commercially available mAbs against human CD3 (SP34-2), CD4 (L200), CD27 (MT721),
CD45RA (5H9), CD56 (NCAM 16.2), CD80 (L307.4), CD86 (IT2.2) and HLA-DR (L243) (all from BD
Biosciences, San Diego, CA); CD279 (J105) and CD127 (ebioDR5) (both from Ebioscience, San
Diego, CA); IL-23R (218213), CCR6 (53103) and CCR7 (150503) (all from R&D systems,
Minneapolis, MN); CD20 (H299, Beckman Coulter. Pasedena, CA); and CD8 (LT-8, Serotec,
Dusseldorf, Germany). Cells were fixed in 1% cytofix (BD Biosciences) prior to measurement.
Flow cytometric measurements were performed utilizing the FACS LSRII fitted with FACSDiva
5.0 (BD Biosciences) and data were analyzed with FlowJo software (Treestar, Ashland, OR).
The gating strategy to determine phenotype and exclude B-LCL in analysis was as follows: first,
B-LCL was excluded by gating CellTrace-negative cells (=MNC). Next, lymphocytes were identified
based on forward scatter (FSC) and side scatter (SSC). Live cells were then selected as aqua
viability stain negative cells. Within the living lymphocyte population T cells were selected based
on the expression of CD3. Within the CD3+ T-cell population, CD4+CD8- and CD4-CD8+ cells were
distinguished. Within these subpopulations, additional markers, such as CD27 and CD45RA, were
analyzed. Data in figures are presented as a percentage of the previous identifier gate. B-LCL
controls were stained with CD3 and CD4/CD8, and gated as mentioned above, to ensure purity of
analyzed T cells.
Analysis of cytokine production
Cytokine production was analyzed with the ProcartaPlex Luminex assay (Ebioscience)
containing the NHP IL-2, IL-23p19, IL-12p70, and IFN-γ and the human IL-17A beads (bead
numbers 19, 63, 34, 43, and 36; respectively). Briefly, 0.5 million MNC (N=8 marmosets) were
plated with equal number of B-LCL (1:1) in 0.5 ml of media as described above. Following 24 h
and 48 h of incubation at 37oC, supernatants were isolated and stored at -20oC. The Luminex
multiplex assay was performed according to manufacturer’s protocol and results were analyzed
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with the BioPlex 200 system (Bio-Rad, Hercules, CA). Data were quantified based on manufacturer
standards reconstituted in cell culture media.
RNA sequencing
RNA sequencing was performed on spleen-derived CD20+ B cells isolated from healthy
marmosets (n=2) and B-LCL (n=2). Briefly, whole spleen homogenates from healthy control
monkeys were stained with phycoerythrin labeled CD20 (B1-RD1; Beckman Coulter) and Horizon
V500 labeled CD3 as described above. FACS sorted CD3-CD20+ were stored as dry pellets at -80oC.
RNA was isolated from CD3-CD20+ spleen cells and marmoset B-LCL. Illumina HiSeq 2500
single-end RNA-sequencing was performed at the Department of Genetics of the UMCG
Groningen. For quality control, FASTQC was performed 15. Low quality reads were trimmed with
FASTX trimmer (Version 0.0.14) 16. The hisat/0.1.5-beta-goolf-1.7.20 alignment 17 was
performed using Callithrix jacchus GRCm38.82 reference genome. Approximately 10 million high
quality uniquely mapped reads were obtained per sample. HT-seq count 18 was utilized to quantify
reads, which were imported into R (version 3.2.3) to be statistically analyzed for differential gene
expression using EdgeR 19. Gene annotation and Gene Ontology data of the ensemble data were
obtained using the R Biomart Bioconductor tool 20. A heat map of log count per million values was
generated using heatmap.2. Functional and pathway annotation of the differentially expressed
genes was performed using Gene Ontology and Kegg from DAVID 21,22.
Statistics
Statistical analysis was performed using Prism 6.0b for Mac OS X. Data were analyzed using
the two-tailed paired Student’s t-test (Wilcoxon). P values <0.05 were considered statistically
significant. Data is shown as individual values (n=14), although experiments were performed
separately due to the variation in date of animal sacrifice. Error bars represent s.e.m.

Results
EBV infection of B cells alters stimulation signals to T cells
RNA sequencing was used to determine the impact of EBV infection on marmoset B cells
(B-LCL) gene expression in comparison to spleen-derived CD3-CD20+ B cells. A principle
component analysis was performed to determine the similarity between biological replicates and
differences between samples conditions (data not shown). A differential gene expression analysis
was performed to determine the genes that were differentially expressed between B-LCL and
CD20+ B cells and to identify pathways and overrepresented categories (Figure 1). In total, LCV
infection resulted in increased expression of 2860 genes (false discovery rate (FDR) < 0.05; log FC
> +1) and reduced expression of 2608 genes (FDR < 0.05; log FC < -1). Shown in the table of
Figure 1B is a list of top upregulated and top downregulated enriched pathways. As could be
expected we also observed a clear enrichment of cell cycle related genes, and altered expression
of apoptosis genes, which is consistent with the fact that B-LCL are immortalized lines (data not
shown).
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We were particularly interested in the expression of genes related to T-cell activation to
determine how EBV influences antigen-presenting cell (APC) functions of B cells. We observed
differential expression of many genes related to antigen presentation and processing pathways,
particularly those of co-stimulation and peptide processing (Figure 1). Shown in figure 1 is a
heatmap of differentially expressed genes related to antigen presentation/co-stimulation, with
noted upregulation in critical surface markers such as CD70, CD80, CD86, PCDC1 (PD-1) and both
FAS (CD95)/FASL (CD95L) being observed. Furthermore, expression of a number of genes
involved in peptide processing via the vacuolar route (endolysosomes) and the cytosolic route
(proteasomes) was profoundly impacted (Figure 1). Shown in supplemental table 1 is a list of
gene descriptions and fold changes of all presented genes selected for the heatmap of figure 1A.
Interestingly, expression of MR1, a receptor involved in activation of mucosal-associated invariant
T-cells (MAIT) by presentation of metabolites of vitamin B 23, was also strongly upregulated in
B-LCL (data not shown).
Collectively, this RNA sequencing data highlights how LCV infection induces a unique
transcription profile that is markedly different from non-infected CD20+ B cells. This unique
transcript profile, with enhanced expression of key co-stimulatory molecules and altered
proteasome and endolysosome function, indicates that the LCV-infected B cell is an atypical APC.
Of note, LCV infection also endows B cells with the ability to rescue proteolysis-sensitive selfantigens from destructive processing via citrullination as previously demonstrated 24, which may
be involved in the association between autoimmune disease and progression of primate EAE.
A dichotomous influence of B-LCL on T-cell homing receptor CCR7
Previous reports implicating the CalHV-3+/EBV-infected B cell as the license for T cell egression
from the lymph node warrant further investigation 25. Here, we assessed the effect of B-LCL on
the expression of CCR7, which was previously known as EBV-induced molecule 1 and is a vital
receptor in controlling the dynamic lymphocyte homing towards secondary lymphoid organs
(SLO) 26-28. Overall, B-LCL had no consistent effect on CCR7 expression on CD4+ or CD8+ T cell
subsets in either CD45RA- memory cells or CD45RA+ naive cells (Figure 2A). As we noticed
reduced expression of CCR7 in some animals, we analyzed the data based on whether the MNC
donor animals had developed clinically evident EAE. Indeed, co-culture with B-LCL induced
significant reduction of CCR7+ T cells in MNC isolated from animals that had developed clinically
evident EAE (score ≥ 2.5), whereas no effect was observed on the percentage of CCR7+ T cells in
MNC isolated from marmosets that failed to develop clinically evident EAE (Figure 2B).
Reductions in CCR7 were observed in the presence or absence of MOG34-56, indicating that
the effect is independent of antigen recognition (Figure 2A). Moreover, a similar effect was
observed in CD4+ and CD8+ T cells irrespective of the expression of CD45RA, indicating that this
effect is not restricted to effector, memory or naïve populations (Figure 2B).
B-LCL induce profound reduction of CD27 expression and alter Th17 responses
EBV infection induced profound changes in the expression of co-stimulatory molecules by B
cells. One peculiar, and often overlooked, feature of EBV-infected B cells is an enriched expression
of CD70 29. Similar to human B-LCL, marmoset B-LCL exhibit elevated expression of CD70
compared to non-infected CD20+ primary B cells (Figure 1). We investigated whether increased
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BLCL vs CD20+ top up-regulated enriched pathways
Name
Pathways in cancer
Cytokine-cytokine receptor interaction
MAPK signaling pathway
Focal adhesion
Regulation of actin cytoskeleton

Number of Genes
45
34
34
27
25

BLCL vs CD20+ top down-regulated enriched pathways
Name
Chemokine signaling pathway
Cytokine-cytokine receptor interaction
Hematopoietic cell lineage
Neuroactive ligand-receptor interaction
MAPK signaling pathway

Number of Genes
26
26
24
24
24

P Value
6,97E-4
1,32E-4
0,002
0,004
0,019

P Value
9,25E-4
0,005
8,51E-9
0,068
0,083

Figure 1. EBV infection alters critical markers involved in antigen presentation and co-stimulation of the B cell.

RNA sequencing was performed on spleen-derived CD3-CD20+ B cells from immunologically healthy
marmosets (n=2) and marmoset B-LCL lines (n=2), with 10 million high quality uniquely mapped reads were
obtained per sample, to determine the effect of EBV infection on gene expression involved in antigen
presentation and co-stimulation pathways. EBV infection resulted in differential expression (FDR<0.05, logFC
= ±1) in pathways associated with cell growth/survival functions, metabolic processes and antigen
presentation/co-stimulation. Shown is a heat map depicting genes associated with the selected categories
antigen presentation, lysosome and proteasome (processing) function chosen from the list of differentially
expressed genes. Tabular data for these genes are in Supplementary table 1. The scaled expression value
(Z score) is displayed in red-green color scheme with red indicating lower expression and higher expression in
green. Depicted are the top 5 up- and down-regulated pathways.
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Figure 2. A dichotomous effect of B-LCL on T-cell homing receptor CCR7. Mononuclear cells derived from the

axillary lymph nodes (LN) of marmosets (n=14) immunized with MOG34-56/IFA were co-cultured with
CellTrace-labeled B-LCL with or without the addition of MOG34-56 for 48 h. A transwell system in which B-LCL
and LN were separated was used as a control (No MOG34-56 was added). Expression of T-cell homing receptor
CCR7 was analyzed by flow cytometry following exclusion of CellTrace-labeled B-LCL and dead cells.
Lymphocytes were selected based upon FSC/SSC selection and T-cell subsets were identified for expression of
CD3+, CD4+ or CD8+, and CD45RA+/-. Data is presented as % CCR7 expressing cells from the parent gate indicated
above or below the graphs. (A) Co-culture with B-LCL had no overall effect on the percentage of
CD3+CD4+CD45+/- and CD3+CD8+ CD45+/- cells expressing CCR7. (B) When data was analyzed based upon
clinically evident EAE (EAE+) in comparison to monkeys that failed to develop EAE (EAE-), a reduced expression
of the percentage of CD3+CD4+CD45+/- and CD3+CD8+ CD45+/- cells expressing CCR7 was observed in co-cultures
of EAE+ animals. Reductions in CCR7+ T cells in EAE+ monkeys were not restricted to CD45RA- (memory cells) or
CD45RA+ (effector cells), and did not require MOG34-56 stimulation. Statistical significance (P<0.05) is
indicated by an asterisk, significance of P<0.01 is indicated by **.
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Figure 3. Tumor necrosis factor family member CD27 is lost after co-culture. Mononuclear cells derived from the
axillary lymph nodes (LN) of marmosets (n=14) immunized with MOG34-56/IFA were co-cultured with
CellTrace-labeled B-LCL with or without the addition of MOG34-56 for 48 h. A transwell system in which B-LCL
and LN were separated was used as a control (No MOG34-56 was added). Shown is the percentage of CD27
expressing cells within the parent gate indicated above the graphs. The percentage of CD27 expressing cells
was severely reduced upon co-culture with B-LCL (48 h). This was irrespective of naïve or effector status or
addition of MOG34-56 and already occurred at 0 h measurement for memory (CD45RA-) cells as denoted by
0 h bar. Statistical significance of P<0.05 is indicated by an asterisk, significance of P<0.01 is indicated by **,
significance of P< 0.001 is indicated by ***.

expression of CD70 would alter the expression of its counter-structure CD27 on marmoset T cells
as was previously reported for human cells 30. Indeed, interaction with EBV-infected B-LCL had a
profound impact on the expression of CD27, both on CD4+ and CD8+ T cells (Figure 3). This effect
was irrespective of MOG34-56 and not constrained to CD45RA expression, suggesting that this
effect is not specific for only memory or naive T cells. In addition, cell-cell contact was essential
as in the transwell cultures no reduction of CD27 was observed (Figure 3). As a control, we also
analyzed cellular phenotypes at time point 0h, where B-LCL and MNC were immediately
processed for staining upon co-culture. Reductions in CD27 expression were observed within
minutes after B-LCL and MNC encountered, indicating that this phenomenon can also occur
without extensive rounds of cell division or chronic stimulation (Figure 3).
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The intrinsic importance of the tumor necrosis factor (TNF) receptor family member CD27
in the induction of Th17 responses has recently been detailed 31. We therefore assessed CCR6,
IL-23R and Th1/Th17 cytokine expression following exposure to the B-LCL (Figure 4). Significantly
reduced expression levels of both CCR6 and IL-23R were found on CD4+ and CD8+ subsets of
CD27- cells (Figure 4A-B). This effect was observed regardless of CD45RA expression (data not
shown), and was not dependent on presence of the MOG34-56 peptide. Although we did not
observe impacts on IL-23R expression at early time points (data not shown), significant reductions
of CCR6 expression on CD27- T cells were observed shortly after cells were brought together
(Figure 4B).
Supernatants of co-cultures of MNC with B-LCL in the presence or absence of MOG34-56
were analyzed for secreted cytokines. Negligible production of IL-23p19, IL-12p70 and IL-2 was
observed after 24h and 48h incubation (data not shown). Interestingly, although reductions of
CD27, CCR6 and IL-23R in co-cultures were observed regardless of addition of MOG34-56
(Figure 4A-B), the addition of B-LCL and MOG34-56 to MNC elicited significantly higher levels of
IL-17A than in MNC cultures with only B-LCL or MOG34-56 (Figure 4C). The addition of B-LCL with
MOG34-56 also elicited significant increase of IFN-γ production compared to MOG34-56
stimulated MNC without B-LCL (Figure 4C). These effects were mitigated with transwell separation
showing that direct cell-cell contact and antigen recognition are both required for cytokine
production despite observations of changes at the surface marker level.
Modulation of CD127 and CD95 is mediated by cell-cell contact and not by IL-7 secretion
It has been demonstrated that EBV-transformed human B cell lines constitutively secrete the
cytokine IL-7 and express CD95L (FasL) 32,33. Our own data also indicate that marmoset B-LCL
express CD95L (Figure 1A) and that the IL-7/CD127 pathway has been implicated in marmoset
EAE progression 34. A relationship between IL-7 and CD95 (Fas) expression has been established
35,36
and because of this data we hypothesized that co-culture with the B-LCL affects both IL-7R
(CD127) and CD95 expression on T cells. We observed profound reductions of CD127 both in
CD4+ and CD8+ populations. The reduction of CD127 occurred regardless of CD45RA expression
in CD4+ T cells, but was not observed in CD45RA expressing cells in the CD8+ compartment
(Figure 5A). The addition of antigen (MOG34-56) resulted in more profound reductions in CD4
expressing T cells, and was a requirement for CD127 reductions in CD8 expressing T cells
(Figure 5A). Reductions of CD127 depended on physical contact between B-LCL and T cells,
indicating that reduced detection of CD127 was not cytokine mediated or due to receptor
occupancy by constitutively secreted IL-7.
The addition of the B-LCL led to significantly increased CD95 expression in CD45RA expressing
CD4+ and CD8+ T cells, but only had a negligible impact on CD95 expression by CD45RA- T cells
(Figure 5B). Unlike CD127, altered expression of CD95 was not strongly influenced by addition of
antigen to the culture. No alterations in expression of CD127 or CD95 were observed when the
B-LCL and T cells were physically separated by porous polyethylene terephalate membranes,
which would allow diffusion of cytokines from the top to bottom chambers (Figure 5A-B).
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Figure 4. B-LCL modulate Th17 responses. The effect of B-LCL on Th17 responses was analyzed by classic Th17
associated markers by FACS and with the ProcartaPlex Luminex® assay. Mononuclear cells derived from the
axillary lymph nodes (LN) of marmosets (n=14) immunized with MOG34-56/IFA were co-cultured with
CellTrace-labeled B-LCL with or without the addition of MOG34-56 for 48 h. A transwell system in which B-LCL
and LN were separated was used as a control (No MOG34-56 was added). Supernatant was harvested to
measure cytokine production and cells were analyzed by FACS. Shown is the percentage of cells expressing
either CCR6 (A) or IL-23R (B) from the parent gate indicated above the graphs. (A) Reductions in the percentage
of IL-23R and CCR6 expressing CD4+ and CD8+ T cells were observed in cells that had lost CD27 expression. In
both cases, the addition of antigen was not required for reductions, and not limited to effector populations
(data not shown). (B) Reductions in CCR6 were observed at initial co-culture periods (0 h) taken for baseline
measurements. (C) Stimulation of B-LCL and antigen elicited significantly higher levels of IL-17A and IFN-γ
compared to their respective controls following 48 h of co-culture. Secretions of both cytokines were
dependent upon the addition of antigenic peptide. Detection of IL-23p19, IL-12p70 and IL-2 was absent after
24h and 48h (data not shown). Statistical significance of P<0.05 is indicated by *, significance of P<0.01 is
indicated by ** and P<0.001 is indicated by ***.
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Figure 5. Modulation of CD127 and CD95 is mediated by cognate B-T interaction and not by IL-7 secretion.

(A) Co-culture of Mononuclear cells (MNC) from axillary lymph node (LN; n=14) with B-LCL resulted in minor
reductions in the percentage of CD3+CD4+/CD8+CD45RA+ cells expressing CD127 (IL-7R). Reductions were
greater with the addition of antigen (MOG34-56). This effect was also observed in memory subset (CD45RA-)
in CD4+ T cells, but not CD8+ T cells. Physical separation of cell populations by porous membrane, that would
enable cytokine diffusion, mitigated reductions of CD127. (B) B-LCL induced a significant increase in expression
of CD95 in effector and naïve (CD45RA+) T-cell populations, but less so in memory subsets. In naïve and
effector populations, this effect was not restricted to CD4/CD8 expression, did not require antigen stimulation
and was also mitigated by transwell system. Statistical significance of P<0.05 is indicated by *, significance of
P<0.01 is indicated by ** and P<0.001 is indicated by ***.

B-LCL stimulates profound expression of CD279 (PD-1)
The data discussed thus far demonstrate that T cell exposure to B-LCL alters the expression of
a variety of factors, many of which are not restricted by the addition of MOG34-56 antigen and
which are induced by the contact with B-LCL. Cells chronically infected with herpes virus
(cytomegalovirus (CMV) and EBV) and malignant cells employ mechanisms of immune evasion,
such as alterations in the CD279/CD274 signaling pathway and the interaction of CD70 with
CD2737,38. In mouse melanoma models, anti-CD27 treatment correlated to lower CD279
expression on CD8+ T cells. On the other hand, overexpression of CD70 in dendritic cells is
sufficient to break CD279 (PD-1) mediated tolerance in ovalbumin-immunized CD11c-CD70tg
mice 39-41.
We assessed the expression of CD279 on T cells upon co-culture with B-LCL. Shown in
Figure 6 is the significant increase in the percentage of T cells expressing CD279. Upregulation of
PD-1 expression was observed regardless of CD45RA expression in both CD4 and CD8 expressing
T cells on this parameter. Moreover, addition of MOG peptide in co-culture conditions only had a
minor effect. Despite previous associations between CD27/CD70 and PD-1 expression, CD279
increase was not restricted to CD27- T cells and thus no relationship between CD279 and CD27
expression was observed in this system (data not shown).
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Figure 6. B-LCL rapidly alters CD279 (PD-1) expression in T-cell subsets. Expression of CD279 (PD-1) on MNCderived T cells (n=14) was analyzed by flow cytometry following co-culture with B-LCL. The figure depicts
percentages of CD3+CD4+CD45RA+/- (top panel) and CD3+CD8+CD45RA+/- (bottom panel) expressing CD279. In
all T-cell subsets examined following 48 h, of co-culture profound increases in the percentage of CD279+ cells
were observed. In earliest time points measured (0 h) taken for calibration purposes, whereby cells were cocultured and immediately centrifuged and stained for FACS, expression of CD279 was also increased in either
CD4 or CD8 T-cell subsets expressing CD45RA. Statistical significance of P<0.05 is indicated by *, significance
of P<0.01 is indicated by ** and P<0.001 is indicated by ***.

T cells acquire APC associated co-stimulatory markers
During the cognate interaction of T cells with malignant cells membrane patches can be
exchanged, a phenomenon known as trogocytosis. As an example, trogocytosis drives the
acquisition of CD86 and HLA-G by T cells as an immune evasive mechanism in multiple myeloma
patients 42. We examined whether evidence for trogocytosis could be found in the interaction of
T cells with B-LCL from marmosets and whether this may explain the acquisition by T cells of
CD86 observed in longer co-culture experiments (own unpublished data). Shown in Figure 7 is
the expression of co-stimulation molecules of APC (CD80, CD86 and CD40) on CD4+ and CD8+
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Figure 7. B-LCL mediated T-cell acquisition of APC markers. Short-term co-cultures of mononuclear cells derived

from the axillary lymph nodes (LN) of marmosets (n=14) immunized with MOG34-56/IFA with B-LCL (3 h)
resulted in detection of CD86 and CD40 expression, but not CD80, on both CD4 and CD8 T-cell populations.
This effect required cognate interaction between B-LCL and T cell as addition of antibodies to block of MHC
class I and MHC class II significantly reduced detection of both CD86 and CD40. Statistical significance of
P<0.05 is indicated by *, significance of P<0.01 is indicated by ** and P<0.001 is indicated by ***.

T cells following a 3h co-culture with B-LCL. Interestingly, we observed only transfer of CD40 and
CD86, not of CD80. Moreover, this effect was, in part, mitigated by the addition of MHC I and II
blocking antibodies and completely mitigated by physical separation in a transwell system.
Acquisition of co-stimulatory signals via trogocytosis was observed in both CD4+ and CD8+ T cell
subsets (Figure 7). The absence of detectable CD80 transfer may be an artifact of time point
measured 43. Unfortunately, technical limitations with FACS sorting marmoset cells of high
viability and the very limited cell number available for assays precluded further exploration of the
functionality of this phenomenon.
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Discussion
A mechanistic explanation for the well-documented serological and epidemiological link
between EBV and MS 44-46 eludes scientists studying the immunobiology of MS risk factors.
Research in a translationally relevant NHP model for MS, EAE in common marmosets,
demonstrated a central pathogenic role of LCV-infected B-LCL (reviewed in 47). This was concluded,
among others, from the distinct clinical effect of therapeutic anti-CD20 mAb versus mAbs against
the B cell growth and differentiation factors BLyS/BAFF and APRIL, which could be explained by
differential depletion of the LCV-infected B cell subset 9. Follow-up studies demonstrated that
B-LCL have a crucial role in the immune mechanisms driving EAE progression, namely the
activation and licensing for SLO egression of the autoreactive T cells and cross-presentation of
self-antigen to autoaggressive CTL 25. The current study was undertaken to gain further insight
into messages exchanged in the ex vivo cross-talk between B-LCL and (autoreactive) T cells.
We first examined the effect of EBV infection on the expression of B-cell genes relevant to
T-cell activation and potentially involved in the cognate interaction with the T cell. In addition, we
performed ex-vivo co-culture assays with MNC isolated from the SLO of MOG-34-56/IFAimmunized marmosets and EBV-infected B-LCL generated prior to induction of EAE. Assays were
performed in the presence and absence of the immunizing MOG34-56 peptide to be able to
distinguish general effects on T cells from those exchanged in the cognate interaction between
B-LCL and autoreactive T cells.
The concept that LCV-infected B cells act as professional APCs for the pathogenic T cells is in
itself a paradox. It implies that the infected B cells simultaneously trigger a T-cell response against
the immunizing peptide MOG34-56 as well as avoid detection by anti-viral T cells for escaping a
cytotoxic response. RNA sequencing data presented here demonstrate that the expression of
many key genes involved with communication to the T cell is altered upon infection with LCV.
Another explanation may be the observation that the autoreactive T cells recognize the epitope
MOG40-48 of the autoaggressive CTL in the context of MHC class I/Caja-E molecules 48. MHC-E
molecules have a well-documented role in immune escape from herpes virus-infected T cells 49.
This dual role of MHC-E depends on the type of the peptide bound in the cleft, which directs
interaction either to stimulatory CD94/NKG-2C or inhibitory CD94/NKG-2A complexes 50.
Evidence suggests that one of several contributions of the B-LCL in EAE progression is the
activation and licensing for SLO egression of the (autoreactive) T cells 25. Binding of chemokines
such as CCL19 and CCL21 to CCR7 directs T-cell homing to SLO and reduction in CCR7 expression
gives T cells the license to egress from SLO, after which they can migrate to their target organ.
These data, in scope of previous reports using B-cell depletion with clinically relevant monoclonal
antibodies (ofatumumab, belimumab), support a role of the LCV-transformed B cell as the license
for T cell egression from the SLO 9. Intriguingly, we show here downregulation of the SLO homing
receptor CCR7 by B-LCL only in T cells from clinical EAE-responder marmosets (EAE score ≥ 2.5)
indicating that the downregulation of CCR7 may be a rate-limiting step in the pathogenic process.
Another explanation for this phenomenon would be that T cells from marmosets with clinically
evident EAE have enhanced activity or an altered activation state. However, this dichotomous
response to B-LCL was not observed for the other markers analyzed in the current study.
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EBV-specific human T cells express CD27 and homozygous mutations in CD27 resulting in
CD27 deficiency are associated with persistent EBV viremia, suggesting that the CD27/CD70 axis
plays an important role in the control of EBV infection 51,52. It is well possible that the high CD70
expression by the EBV B-LCL, which is confirmed by our RNAseq data, supports immune escape,
as seen in human glioblastomas and in lymphoproliferative diseases 53. Other evidence indicates
that the CD27/CD70 pathway plays an important pro-pathogenic role in autoimmune conditions.
Ligation of CD70 to CD27 induces release of soluble CD27 (sCD27) and it is indeed interesting that
increased sCD27 level is a hallmark of diverse autoimmune conditions with a strong link to EBV,
such as in CSF in MS, in synovial tissue in RA and in serum in both systemic lupus erythematosus
and Sjögren’s syndrome 32,54-57. We propose that the elevated CD70 expression is an important,
overlooked feature of EBV-infected B cells and that the CD27/CD70 axis may be relevant in the
association between EBV and MS.
The observation that B-LCL pulsed with MOG34-56 induce IL-17A is interesting, as the
reduction of CD27, CCR6 and IL-23R occurred independent from addition of the immunizing
peptide. This finding may indicate that physical interaction between B-LCL and T cells is sufficient
to alter surface markers expression on the T cell, whereas presentation of the antigenic peptide
was required to elicit a functional response, i.e. expression of IL-17A, which is the cytokine
signature of the EAE model induced with MOG34-56/IFA 11.
The here reported data show that cross-talk with B-LCL induces enhanced PD-1 expression on
T cells. This is potentially relevant for MS, regarding the well-documented role of PD-1 and its
ligand PD-L1 in the regulation of T cell immunity and tolerance 41. It has been suggested and
supported by evidence that autoimmune disease results from a general dysfunction of immune
homeostatic mechanisms and peripheral tolerance breakdown 58. There is an established
correlation between EBV viral load in acute IM and PD-1 expression 61. Furthermore, the PD-1/
PD-L1 pathway is altered in MS and elevated PD-1/PD-L1 expression has been associated with
disease remission in MS patients 59,60. It is tempting to speculate that repetitively enhanced
expression of PD-1 (i.e. receptor exhaustion), possibly as an immune escape mechanism for
B-LCL, would have consequences for subsequent PD-1 functionality or expression.
Our results confirm previous reports showing enhanced expression of CD95 in response to
B-LCL 61. In murine transgenic systems, CD27-CD70 interactions sensitize T cells for CD95
mediated apoptosis 62. Elevated expression of CD95L, a feature of marmoset B-LCL, has also been
shown to upregulate CD95 expression. Although the B-LCL constitutively secrete IL-7, and IL-7
has been shown to upregulate CD95 expression, altered expression of CD95 was dependent on
cell-cell contact in our test system. Hence, the effect may be mediated through CD70 and/or
CD95 stimulation. Given the biological importance of the CD95/CD95L pathway in the
containment of T cell responses, any alteration of this pathway has potential relevance to MS.
The T cell CD95/Fas function is dysregulated in the MS patient with increases in soluble CD95 in
relapsing remitting MS and elevated CD95L expression in inflammatory infiltrates in both active
and chronic lesions 63,64. It may be that modulation of CD95 is just representative of activation, or
possibly suppression through apoptosis, as previously suggested 33. The biological plausibility of
this association is not a leap as one hallmark of acute infectious mononucleosis is enhanced
CD95 and CD95L expression 61,65.
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The current study also shows expression of co-stimulatory molecules of APC on T cells, CD40
and CD86, at much earlier time points than shown by others. This effect may be attributable to
the transfer of membrane patches during cognate interaction of APC and T cells, a phenomenon
known as trogocytosis 66,67. Although we did not observe CD80 transfer, this could be a kinetics
issue as previously noted 43. It has been shown that EBV utilizes trogocytosis as a strategy to
endow cells with receptors important for viral transmission. However, the functional significance
of trogocytosis itself is debated and suggested effects seem wide-ranging; implication of potential
regulatory effects on the T cell of the MS patient warrant further investigation 68,69. The transfer
of CD40 in particular is interesting given the importance of CD40 in functional CD8 T cell
responses (i.e., cytokine secretion and proliferation), and evidence suggesting that these CD4CD8 collaborations can be dissociated from APC help; acquisition of CD40 by CD8+ T cells could
allow CD4 cells to directly help CD8 cells via CD40-CD40L interaction 67. Moreover, recently it has
been observed that a subset of CD4+ T cells expressing CD40 are expanded in MS and serve as a
new biomarker for disease 70.
In conclusion, we propose that the LCV infected B cell may play a role in autoimmune disease
as an atypical APC, which is highlighted by enhanced expression of co-stimulatory markers such
as CD70 and CD95L. Correlations between multiple autoimmune diseases, a lack of identification
of EBV in disease-specific target tissues, and temporal relationship between elevated levels of
EBV in relation to disease activity provide strong arguments for this line of thinking. Altough it
could be argued that EBV infection is a by-product of abnormal dysfunctional immune responses
due to disease activity, these results highlight the profound impact B-LCL (i.e. constitutively CD70
and CD95L expressing APC), can have on the SLO derived T cell. This study demonstrates that EBV
infection of the B cell alters the normal communication process between the T and B cell, and
highlights potential roles in T-cell egression and activation and Th17 responses. Future
investigations of these pathways in MS derived materials, may provide valuable insights in any
role EBV may have in autoimmune disease.
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Table S1
Gene

Gene Description

CD70
CD80
CD86
HFE
MR1
PDCD1
RAB27A
FAS
FASLG
CD1B
CD1D
FCGRT
RAB32
ADA
FASLG.1
GAA
GNS
LAMP2
LDLR
RAB9A
TMEM97
ACP5
CTSH
CTSK
CTSS
CTSW
CYB561A3
HPSE
LGMN
MARCH1

CD70 molecule
CD80 molecule
CD86 molecule
hemochromatosis
major histocompatibility complex, class I-related
programmed cell death 1
roundabout, axon guidance receptor, homolog 3 (Drosophila)
Fas cell surface death receptor
Fas ligand (TNF superfamily, member 6)
CD1b molecule
CD1d molecule
Fc Fragment Of IgG, Receptor, Transporter, Alpha
RAB32, member RAS oncogene family
adenosine deaminase
Fas ligand (TNF superfamily, member 6)
glucosidase, alpha; acid
glucosamine (N-acetyl)-6-sulfatase
lysosomal-associated membrane protein 2
low density lipoprotein receptor
RAB9A, member RAS oncogene family
transmembrane protein 97
acid phosphatase 5, tartrate resistant
cathepsin H
cathepsin K
cathepsin S
cathepsin W
cytochrome b561 family member A 3
heparanase
legumain

NAAA
NEU1
NPC2
RRAGD
SCARB2
UNC13D
PSMD1
PSMD9
PSMC3
PSMG3
SHFM1

B-LCL vs CD20+
(Log 2 fold change)
7.79
1.64
2.11
2.47
3.38
5.43
8.83
3.96
2.51
-6.37
-5.59
-4.41
-1.22
1.37
3.96
1.26
1.62
1.85
4.43
1.11
1.85
-6.44
-2.72
-5.52
-1.54
-4.68
-1.91
-4.84
-2.89

membrane-associated ring finger (C3HC4) 1, E3 ubiquitin protein ligase

-2.63

N-acylethanolamine acid amidase
sialidase 1 (lysosomal sialidase)
Niemann-Pick disease, type C2
Ras-related GTP binding D
scavenger receptor class B, member 2
unc-13 homolog D (C. elegans)
proteasome (prosome, macropain) 26S subunit, non-ATPase, 1
proteasome (prosome, macropain) 26S subunit, non-ATPase, 9
proteasome (prosome, macropain) 26S subunit, ATPase, 3
proteasome (prosome, macropain) assembly chaperone 3
split hand/foot malformation (ectrodactyly) type 1

-2.64
-1.15
-2.28
-1.07
-6.51
-5.11
1.15
-1.07
-1.08
-1.23
-1.03

List of all presented genes in Figure 1A represented as a fold change when comparing expression profiles of B-LCL vs
CD20+.
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Abstract
Oxidative damage and iron redistribution are associated with multiple sclerosis (MS) disease
pathogenesis and progression, but these aspects are not entirely replicated in rodent
experimental autoimmune encephalomyelitis (EAE) models. Here, we report that oxidative burst
and injury as well as redistribution of iron are hallmarks of the MS-like pathology in the EAE
model in the common marmoset. Active lesions in the marmoset EAE brain display increased
expression of NADPH oxidase (p22phox, p47phox, gp91phox) and inducible nitric oxide synthase
immunoreactivity within lesions with active inflammation and demyelination, coinciding with
enhanced expression of mitochondrial heat shock protein 70 and superoxide dismutase 1 and 2.
The EAE lesion-associated liberation of iron, due to loss of iron containing myelin, was associated
with altered expression of iron metabolic markers (FtH1, lactoferrin, hephaestin, ceruloplasmin).
The enhanced expression of oxidative damage markers in inflammatory lesions indicates that the
enhanced antioxidant enzyme expression could not counteract reactive oxygen and nitrogen
species-induced cellular damage similarly as observed in MS brains. In conclusion, this study
demonstrates that oxidative injury and aberrant iron distribution are prominent pathological
hallmarks of marmoset EAE thus making this model suitable for therapeutic intervention studies
aimed at reducing oxidative stress and associated iron dysmetabolism.
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Introduction

3

The development of adequate treatments for progressive multiple sclerosis (MS) is hampered
by the lack of an animal model that accurately reproduces pathological hallmarks of the human
disease. Recent attention has focused on oxidative damage, mitochondrial dysfunction, and
energy deficits as main causes of tissue damage and diminished re-myelination capacity during
progression of multiple sclerosis (MS) (reviewed in 1,2). However, these features are insufficiently
represented in rodent models for MS, i.e. experimental autoimmune encephalomyelitis (EAE) 3-5.
Tissue damage by reactive oxygen species (ROS) is an important cytotoxic effector mechanism
of myeloid immune cells, such as macrophages. The cascade-wise production of ROS starts with
the activation of NADPH oxidase-2 (NOX2), which in active MS lesions is highly expressed by
microglia and macrophages. The activation of NOX2 involves the translocation and assembly of
cytosolic (p47phox and p67phox) with membrane-bound (gp91phox, p22phox) subunits into a
multimeric complex expressed in membranes of phagolysosomes and the cell surface 6-8. The
function of NOX2 is transfer of electrons from NADPH to molecular oxygen, yielding superoxide
anion (O2-). The concomitant MS lesion-restricted expression of inducible nitric oxide synthase
(iNOS) by astrocytes and macrophages produces nitric oxide that by reaction with superoxide
gives the highly toxic peroxynitrite 4,9,10.
The tissue response to increased ROS involves upregulation of various scavenger molecules
(e.g. superoxide dismutases; SOD) and chaperones (heat shock proteins) to limit injury.
Superoxide anion is neutralized by SOD that converts the radical into the less toxic hydrogen
peroxide, which is neutralized by the anti-oxidant enzyme catalase and via the glutathione
peroxidase pathway. Cytosolic SOD1 and mitochondrial SOD2 are ubiquitously expressed in the
central nervous system (CNS) and substantially increased in hypertrophic astrocytes and myelinladen macrophages of the MS brain 6,9,11. Mitochondrial heat-shock protein 70 (mtHSP70) is a
chaperonin induced upon a variety of stressors, including oxidative stress 12. ROS metabolites
cause metabolic stress, peroxidation of lipids and proteins, and DNA alkylation, which are
observed in MS lesions 13. These features, together with mitochondrial defects and corresponding
energy deficits, have been implicated as crucial pathological components of disease progression
14,15
.
While some aspects of oxidative stress have been observed in rodent EAE models, the
characteristic lesion-restricted redistribution of iron in MS is lacking (7). The accumulation of iron
in in myelin and oligodendrocytes in the aging human brain can be detrimental when it is
liberated upon demyelination as iron amplifies oxidative damage 16. Iron liberation in MS is
associated with lesion-associated changes in iron metabolic markers, such as ferritin heavy chain
(FTH1), lactoferrin, hephaestin, and ceruloplasmin 17,18.
In recent years, the EAE model in the common marmoset (Callithrix jacchus) has emerged as
a translationally relevant MS model, which could bridge the gap between clinical and
histopathological characteristics of murine EAE models and MS 19. CNS pathology in the marmoset
EAE model typically involves both WM and grey matter (GM) demyelination. Essentially all stages
of WM lesion development ranging from early active lesions with myelin-laden macrophages to
chronic gliotic lesions and the various types of GM lesions in MS have also been observed in
marmoset EAE brain tissue 20-23.
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In the current study, we have examined whether the marmoset EAE model may represent an
appropriate model to investigate processes involved in oxidative injury, such as oxidative burst
and changes in iron metabolism. The extensive examination of marmoset EAE brain samples
reported here demonstrates widespread oxidative tissue injury and aberrant iron distribution in
the marmoset EAE brain, similarly as observed in human MS brain lesions.

Material and Methods
Marmoset tissue
Cryopreserved and formalin-fixed, paraffin-embedded tissues from previous marmoset EAE
experiments performed at the Biomedical Primate Research Centre were used for this study
(BPRC, Rijswijk, The Netherlands). These studies were reviewed and approved by the institutional
ethics review committee. For a detailed description of EAE induction and monitoring of EAE
course see Jagessar et al 24. Briefly, marmosets were immunized once (in the case of myelin or
rhMOG) or every 28 days (inoculations with MOG34-56) and monitored daily until the
development of overt neurological disease (EAE score ≥ 2). An accumulative scoring system was
implemented whereby a score 2 = ataxia or optic disease, score 2.5 = paresis of one or more
limbs, score 3 = paralysis of one or more limbs. Ethical endpoint were in compliance with
instructions of the ethics committee and are indicated for individual animals in Table 1. Brain
tissues were derived from EAE models induced with myelin emulsified in CFA, human recombinant
myelin oligodendrocyte glycoprotein (rhMOG) emulsified in CFA (rhMOG/CFA), and MOG peptide
34-56 emulsified in either CFA (MOG34-56/CFA) or IFA (MOG34-56/IFA) 23,25-28. Half brains were
sectioned (coronal) at multiple locations during the embedding process; hence different
topographic regions of tissue could be analyzed at once on one slide. Marmosets (n=24)
(Table 1) selected for this study were previously characterized for brain pathology, and featured
prominent WM and GM pathology. The predilection sites of lesions in marmoset EAE models
include, but are not limited to, corpus callosum and areas close to the ventricles, yet demyelination
is wide spread. Representative lesions from coronal sections from mid-brain areas are shown.
Immunohistochemistry
For immunohistochemical stainings of formalin-fixed paraffin embedded material, 5 µm
sections were cut and deparaffinized using xylene (VWR, Radnor, PA) and rehydrated via graded
ethanol. Endogenous peroxidase activity was blocked by incubating tissue in 0.03% H2O2 (Sigma,
St. Louis, MO) in methanol for 30 min. A pretreatment step was performed for antigen retrieval
by steaming slides in either EDTA (pH 8.6; Sigma) or citrate (pH 6.0; Sigma). For cryo-preserved
preserved material, sections of 6-8 µm were mounted onto permafrost plus tissue slides, prior to
a fixation step with acetone (10 min), or 4% PFA (30 min). Non-specific antibody binding was
blocked by pre-incubation with 10% FCS in Dako wash buffer (DAKO, Glostrup, Denmark).
Following blocking of non-specific Ig binding, sections were incubated with primary antibodies
(See Table 2) overnight at 4°C. Biotin-labeled secondary antibodies (Jackson ImmunoResearch
Laboratories, West Grove, PA), and avidin-labeled peroxidase were added prior to visualization
with diaminobenzidine tetrachloride (Sigma). A hemalaun counterstain was performed by 2 min

108

Oxidative damage in marmoset EAE

Table 1. Animals used in this study

3

Animal

Gender

Age (months)

Immunization

Week of sacrifice

Max. EAE score

1

M

57

Myelin/CFA

76

1

2

F

33

Myelin/CFA

7

3

3

M

45

Myelin/CFA

35

2

4

M

27

rhMOG/CFA

21

2.5

5

M

28

rhMOG/CFA

16

2.5

6

M

28

rhMOG/CFA

15

3

7

M

43

rhMOG/CFA

7

2.5

8

M

38

rhMOG/CFA

11

2.5

9

F

21

MOG34-56/CFA

4

2.5

10

M

23

MOG34-56/CFA

10

2.5

11

M

25

MOG34-56/CFA

10

3

12

M

39

MOG34-56/CFA

10

3

13

M

39

MOG34-56/CFA

11

3

14

F

28

MOG34-56/CFA

12

3

15

M

31

MOG34-56/IFA

7

2.5

16

M

23

MOG34-56/IFA

9

2.5

17

M

24

MOG34-56/IFA

14

2.5

18

F

59

MOG34-56/IFA

7

2.5

19

F

50

MOG34-56/IFA

17

2.5

20

F

36

MOG34-56/IFA

9

2.5

21

M

30

MOG34-56/IFA

9

2.5

22

M

39

MOG34-56/IFA

8

2.5

23

M

68

MOG34-56/IFA

12

2.5

24

M

50

rhMOG/IFA

3

2.5

a

a Age at the end of the study
b Animals 9-20 were used for quantification of iron load, p22phox and iNOS

incubation with 1:10 diluted hemalaun (Merck Millipore; Billerica, MA). Finally, tissue was
dehydrated with graded ethanol and xylene prior to mounting with malinol (Waldeck, Münster,
Germany).
For double or triple fluorescent labeling, the above protocol was used, with minor deviations.
Briefly, following overnight incubation at 4°C with primary antibodies diluted in Dako ready-touse diluent (DAKO) or TBS with 10% FCS, slides were washed in TBS and incubated for an
additional 1 h. For visualization, direct secondary antibodies against primary host species (mouse,
goat, or sheep) conjugated to CY3 and CY5 (Jackson ImmunoResearch Laboratories,) were used.
For primary antibodies with rabbit host, a secondary biotin anti-rabbit antibody (Jackson
ImmunoResearch Laboratories) was used prior to labeling with a Cy2 conjugated streptavidin
(Jackson ImmunoResearch Laboratories). Cell nuclei were visualized using a commercially
available Vectashield DAPI antifade mounting kit (Vector laboratories, Burlingame, CA).
Fluorescence detection was performed with a Leica systems microscope (DMI 600B; Leica
Microsystems GmbH, Wetzlar, Germany) using a 63x immersion oil lense.
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Table 2. Antibodies used for immunocytochemistry

Primary
antibody

Company

Catalog

Host

Dilution Target

HLA-DR

DAKO

M0775

Mouse

1:200

Macrophage/microglia

TPP

Abcam

ab105033

Goat

1:100

Oligodendrocyte
Macrophage

MRP14

BMA biomedicals

S100A9

Mouse

1:250

PLP

Serotec

MCA839G

Mouse

1:200

Myelin

GFAP

Sigma

SAB5201104 Mouse

1:200

Astrocyte

NeuN

Millipore

MAB377

Mouse

1:400

Neuron

P22phox

Santa-cruz

SC20781

Rabbit

1:100

NADPH oxidase subunit

p47phox

Abcam

ab 74095

Goat

1:100

NADPH oxidase subunit

gp91phox

Verhoeven et al., 1989 -

Mouse

1:100

NADPH oxidase subunit

iNOS

Chemicon

AB16311

Rabbit

1:300

Reactive nitrogen species

mtHSP70

ThermoFisher

MA3-028

Mouse

1:100

Oxidative stress (mitochondria)

SOD1

Abcam

ab62800

Goat

1:250

Oxidative stress (cytoplasmic)

SOD2

Abcam

ab13533

Rabbit

1:250

Oxidative Stress (mitochondria)

Hephaestin

Thermofisher

PA5-34844

Rabbit

1:100

Iron (ferroxidase)

Ceruloplasmin

Abcam

ab110449

Rabbit

1:1000

Iron (ferroxidase)

Lactoferrin

Thermofisher

PA5-29744

Rabbit

1:100

Iron (iron transport and storage)

FTH1

Abcam

ab75972

Rabbit

1:250

Iron (iron binding)

MDA-2

Abcam

AB6463

Rabbit

1:1000

Oxidative injury

3-Nitrotyrosine Abcam

AB61392

Mouse

1:100

Oxidative Injury

4-HNE

Abcam

ab46545

Rabbit

1:250

Oxidative Injury

8-OHdG

Abcam

ab62623

Mouse

1:200

Oxidative Injury

To compare lesion content of p22phox and iNOS expression, images of active lesions (n=3
lesions/marmoset) were converted to 8 bit using ImageJ. A threshold was applied to images to
eliminate non-specific staining, and the binary watershed feature was utilized to distinguish
individual cells as clustering was often observed. Standard scale bars were used to calculate the
area of the images and data is presented as the average (n=3) of positive cells/mm2 in an active
WM lesion.
Iron staining
DAB-enhanced Turnbull staining of non-heme tissue (n=12 marmosets, Table 1) iron was
performed on formalin-fixed paraffin-embedded tissue sections as described previously 29,30.
Briefly, 5 μm tissue sections were deparaffinized using xylene, rehydrated via graded ethanol, and
treated with 10% ammonium sulfide (Merk Millipore; NY) for 1.5 h and potassium-ferricyanide
(Sigma) for 15 min. Endogenous peroxidase was blocked with 0.3% H202 (Sigma) prior to
amplification with 0.025% 3,3’-diaminobenzidine (Sigma). Hemalaun (Merk) counterstaining was
performed as described above.
For quantification purposes samples (n=12 marmosets) were stained simultaneously.
Quantification was performed as described previously 17 on tissue from the MOG34-56 CFA (n=6)
& IFA (n=6) groups; representing the most recent monkeys used in studies. Briefly, images (400x)
of NAWM (n=2/marmoset) were color calibrated/deconvoluted to separate hematoxylin staining
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from DAB staining. The mean grey value (sum of grey values of all pixels/number of pixels) was
recorded for each image and used to calculate optical density (log(max intensity/mean grey
value)).
Artwork and statistics
Figures were compiled using Adobe InDesign CC 2015 (Adobe Systems, San Jose, CA) and in
some cases images were adjusted for brightness using Adobe Photoshop CC 2015 (Adobe
Systems). Statistics (Mann-Whitney or linear regression correlation) was performed using
Graphpad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA).

Results
NADPH and iNOS oxidase expression in white matter lesions
We observed that iNOS was strongly expressed in astrocytes and MRP14-positive microglia
and in recently infiltrated macrophages in active WM lesions (WML); iNOS expression was absent
in NAWM (Figure 1A-D, K-L). Active lesions were characterized by extensive macrophage/
microglial expression of p22phox and gp91phox, whereas both NADPH oxidase subunits were
only weakly expressed in microglia in normal appearing white matter (NAWM) (Figure 1E-H, M).
In active WM lesions, p47phox was profoundly expressed in gp91phox-positive microglia/
macrophages and virtually absent in the NAWM (Figure 1I-J, N).
Previous work showed that marmoset EAE can not only be induced with CFA as adjuvant, but
also by using IFA, an adjuvant lacking microbial components that relay danger signals to myeloid
antigen presenting cells. Hence, we quantified the number of cells expressing iNOS and p22phox
in active WM lesions of animals immunized with MOG34-56 in either CFA or IFA. No differences
in the number of cells expressing iNOS and p22phox were observed between the CFA and IFA
groups (Figure 1O-P).
iNOS and NADPH oxidase expression in grey matter lesions
Expression of iNOS and p22phox was virtually absent in NAGM (Figure 2A-D), but strikingly
upregulated in active intracortical and leukocortical lesions. iNOS and p22phox expression was
generally less abundant in intracortical lesions compared to WM lesions and leukocortical lesions
(Figure 2G-J, M-P). Overall, only a limited number of iNOS- and p22phox-immunoreactive cells
were observed in inactive or late active subpial lesions (Figure 2S-V). In conclusion, our data show
that iNOS and p22phox were highly upregulated in inflamed GM lesions in the marmoset EAE brain.
Enhanced expression of anti-oxidant enzymes indicate oxidative stress
We investigated whether the enhanced expression of enzymes involved in free radical
production in marmoset EAE lesions might coincide with induction of endogenous antioxidants,
such as SOD1 and SOD2. Both cytosolic SOD1 and mitochondrial SOD2 were weakly expressed in
glial cells in NAWM, but markedly upregulated in active lesions (Figure 3A-F). SOD2 expression
was observed in astrocytes, macrophages/microglia, axons and neurons (Figure 3I-K).
Parenchymal SOD2 expression was markedly higher, at a basal level, in the NAGM (Figure 2E)
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E
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H

gp91phox
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p47phox

p47phox

A

MRP14
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L

M

N

iNOS/GFAP/TPP

iNOS/MRP14
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0

CFA (MOG 34-56)
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Figure 1. NADPH oxidase and iNOS are expressed in WM lesions. Expression of NADPH and nitric oxide synthase
were observed in areas of active demyelination. Active lesions were demonstrated by a loss of myelin (PLP, A),
macrophage uptake of PLP (inset of a), and the presence of infiltrated macrophages (MRP14, B). The dotted
yellow line indicates the border between the WM lesion and the NAWM. No iNOS was observed in NAWM (C),
but strongly expressed in active lesions (D). Expression of membrane subunits of the NADPH oxidase complex,
p22phox (E-F) and gp91phox (G-H), was sparse in the NAWM, but high in active lesions. Cytosolic member,
p47phox, indicative of a functional NADPH oxidase, exhibited a sparse expression in NAWM (I) and strong
expression in the active lesion (J). Fluorescent labeling of iNOS (green, K-L, nuclei are grey), revealed strong
expression in astrocytes (K, red), and macrophages (L, red), but, as expected, not in oligodendrocytes (K, blue).
Expression of p22phox (green, M, nuclei are grey) was not observed in astrocytes or oligodendrocytes (data
not shown), but strongly detectable in macrophages (M, MRP14= red). Co-localization of p47phox (green) and
membrane subunit gp91phox (red) was observed (N, nuclei=blue). Similar expression of iNOS (O) and p22phox
(P) was observed in MOG34-56/IFA-immunized marmosets compared to MOG34-56/CFA-immunized

marmosets, implying that mycobacterial components in the immunization inoculum are not (solely)
responsible for the activation of the ROS/RNS pathway. Image scale bars are 200 μm (open square), 100 μm
(closed square) and 50 μm (closed circle).
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P
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R
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V

iNOS

X
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Figure 2. Oxidative stress markers in cortical lesions. Oxidative stress was examined in NAGM (A-F), leukocortical
(G-L), intracortical (M-R) and subpial lesions (S-X). Activity of the lesion was determined by the expression of
PLP (A, G, M, S) and MRP14 or HLA-DR (B, H, N, T). Expression of p22phox (I, O) and iNOS (J, P) was observed

in active leukocortical and intracortical lesions. Demyelinated subpial regions were either chronic active or
inactive and devoid of p22phox (U) and iNOS (V) expression. Oxidative stress markers SOD2 (E) and mtHSP70
(F) were detected at higher basal levels in the GM compared to WM areas, with increased expression in
leukocortical (K, Q) and intracortical lesions (L, R). No noticeable changes in expression of SOD2 (W) or
mtHSP70 (X) were observed in the subpial lesion. Image scale bars are 200 μm (open square) and 50 μm
(closed circle).
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G
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I

mtHSP70

J
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Figure 3. Oxidative stress markers are expressed in the marmoset EAE brain. Immunohistochemical detection of
classical markers of oxidative stress was performed on marmoset EAE brain tissue. Depicted are PLP (A) and
inflammation (MRP14; B) showing active demyelination with uptake of PLP by macrophages (insert of A). The

dotted yellow line indicates the border between the WM lesion and the NAWM. Expression of SOD1 was weak
or absent in NAWM (C) and upregulated in the lesion (D). Expression of SOD2 (C-F) and mtHSP70 (G-H) was
clearly observed in NAWM (E, G) and markedly upregulated within the active lesion (F, H) and in areas proximal
to inflammation. The punctate staining pattern of mtHSP70 and SOD2 suggests mitochondrial immunoreactivity.
Expression of SOD2 (green) was observed in astrocytes (red, I), macrophages (red, J), neurons (red, K) and
axons (red, inset K), but much less frequently in oligodendrocytes (blue, J). Expression of mtHSP70 (green) was
sparse in astrocytes (red, L). Strong expression of mtHSP70 was observed in macrophages (red, M) and
oligodendrocytes (dark blue, L-M). Co-localization of SOD2 (green) and mtHSP70 (red) was frequently
observed (N). Image scale bars are 200 μm (open square), 100 μm (closed square) and 50 μm (closed circle).
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than NAWM (Figure 3E). Compared to NAGM and inactive subpial lesions, SOD2 expression was
strongly upregulated in active leukocortical and intracortical lesions (Figure 2K, Q, W).
Heat-shock protein expression confirms stressed mitochondria
The expression pattern of mtHSP70 closely mirrored that of SOD2 with a clear punctate
staining pattern indicative of mitochondrial localization (Figure 3G-H). mtHSP70 immunoreactivity
was markedly upregulated in active lesions compared to NAWM (Figure 3G-H). The expression of
mtHSP70 was predominantly observed in oligodendrocytes and macrophages/microglia, but
relatively less frequent in astrocytes (Figure 3L-M). Similar to SOD2, strong expression was
observed in cells of neuronal morphology and in axons. Co-localization of SOD2 and mtHSP70
was frequently observed (Figure 3N) in macrophages/microglia or neurons. With respect to
cortical regions of the brain, similar to SOD2, the NAGM exhibited a higher level of basal
expression of mtHPS70 than the NAWM (Figure 2F). In the active leukocortical and intracortical
lesion, mtHSP70 was upregulated (Figure 2L, R). Likewise, subpial lesion exhibited no changes
with respect to mtHSP70 expression compared to similar areas of NAGM (Figure 2X). Together,
these data demonstrate that the inflamed marmoset EAE brain is under severe oxidative stress
and that endogenous anti-oxidant factors (SOD1-2) and mitochondrial heat shock proteins are
markedly upregulated in active WM and cortical GM lesions.
Iron in the marmoset brain
Since iron can catalyze oxidative stress, we evaluated the presence of total non-heme iron in
the marmoset brain by analyzing Turnbull stainings of paraffin-embedded tissue sections. The
marmoset EAE brain exhibited considerable accumulation of total non-heme iron in myelin and
oligodendrocytes in NAWM. In demyelinated WM lesions, redistribution of iron was observed,
probably caused by the loss of myelin (Figure 4C-F). A general pattern of iron loss increasing
towards the center of the lesion was observed. This correlated to myelin loss and
was accompanied by iron uptake in macrophages/microglia and residual oligodendrocytes
(Figure 4C-F).
As iron accumulates in the human brain in an ageing-associated manner 17, we analyzed the
iron content in relation to age of the marmoset. There was a significant correlation between the
age of the marmoset and iron accumulation (Figure 4G). Marmosets, mature at 15 months of
age, are typically used for EAE studies upon 2 years old. The age range of EAE marmosets (n=12)
in which iron was quantified was from 21-59 months, representing young sexually mature
monkeys in prime adult years. When data was further analyzed by grouping marmosets based
upon age as very young (≤25 months, mean= 21.6) versus middle aged monkeys (≥25 months,
mean= 40.5) a clear age-associated iron accumulation was observed (Figure 4G, H).
In conclusion, our data demonstrated age-associated iron accumulation and redistribution in
marmoset EAE brain tissue similarly as observed in the adult human brain.
Iron metabolic markers change with demyelination
Next, we assessed the expression of various proteins involved in iron metabolism. Lactoferrin,
an iron storage marker, was particularly expressed in astrocytes in the NAWM (Figure 5A-C).
Lactoferrin expression was markedly upregulated in astrocytes and microglia/macrophages in
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Figure 4. Iron accumulates in the marmoset brain and is liberated upon demyelination. To determine tissue
specific iron, Turnbull staining was performed on marmoset EAE brain tissue in an age range representing the
lower and upper limits of age used in EAE studies. Shown is an overview image of PLP (A), MRP14 (B) and
Turnbull (C) stain of a middle aged (36 mo, animal 20 table 1) marmoset with both NAWM and active
demyelinating areas as determined by the presence of PLP+ macrophages (A inset). Lesions are denoted by
black arrows. The images of D-F are representative areas of NAWM, lesion edge and lesion center respectively.
In areas of NAWM, strong accumulation of iron associated with myelin and oligodendrocytes was observed
(D). Conversely, iron loads typically were highest in areas at the edge of demyelinating lesions (E) and typically
lowest in lesion centers (F), corresponding to the loss of iron-containing myelin and oligodendrocytes. Iron
content of the NAWM was plotted against age showing that accumulation of iron was age dependent, with
older monkeys exhibiting strongest iron deposition (G-H). Image scale bars are 500 μm (perpendicular line), 50
μm (closed circle) and 50 μm (closed circle).
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Figure 5. Iron metabolic markers are expressed in the marmoset EAE brain. Immunoreactivity of classic markers

associated with iron metabolism such as storage (FTH1), binding (lactoferrin) and ferroxidase activity
(ceruloplasmin & hephaestin) was assessed on marmoset EAE brains. NAWM was determined by the presence
of intact myelin (PLP, A) and absence of MRP14 inflammation (B) in adjacent cut sections. Active demyelination
was determined by the presence of PLP in macrophages (inset of A). Expression of lactoferrin was frequently
observed in the NAWM (C) and markedly upregulated in the active lesion (D). Lactoferrin (green, K-L)
expression in the active lesion was observed both in astrocytes (red, K) and macrophages (red, L), but not in
oligodendrocytes (blue, K-L). Expression of ferritin heavy chain (FTH1) in the NAWM (E) was frequent and
associated with macrophage/microglia, whereas in the active lesion (F) profound expression (FTH1=green,
M-N) was observed within astrocytes (red, M) and macrophages (red, N; oligodendrocytes/TPP=blue). In the
NAWM (G) hephaestin expression was sparse and, if observed, typically reserved to cells of oligodendrocyte
morphology. In the active lesion (H), hephaestin (green, O-P) expression was upregulated in astrocytes (red,
O) and macrophages (red, P). Ceruloplasmin was frequently expressed in the NAWM (I) and markedly
upregulated in the active lesion (J) with expression (cerulopasmin=green; Q=R) strongly being detected in
macrophages (red, R), but not astrocytes (red, Q) or oligodendrocytes (dark blue, Q). Image scale bars are 500
μm (perpendicular line), 100 μm (closed square) and 50 μm (closed circle) and 20 μm (arrows). Black arrow
denotes WML.
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periplaque WM (PPWM) and areas of active demyelination (Figure 5D, K-L). The iron binding
marker ferritin (heavy chain, FTH1) was predominantly detected in macrophages/microglia and
astrocytes throughout lesional areas (Figure 5F, M-N). In contrast iron and ferritin-containing
macrophages were not frequently observed in the NAWM (Figure 5E).
Hephaestin, a transmembrane copper-dependent ferroxidase (=Fe-oxido-reductase)
molecule, exhibited a weak expression pattern in oligodendrocytes or occasionally in astrocytes
in NAWM (Figure 5G). Active lesions showed an enhanced expression of hephaestin in in
occasional residual oligodendrocytes and oligodendrocytes in PPWM (Figure 5H). In addition,
hephaestin was expressed by astrocytes and macrophages (Figure 5M-N). Ceruloplasmin, a
ferroxidase molecule, was present in NAWM in some microglia (Figure 5I). Ceruloplasmin
immunoreactivity was markedly upregulated in PPWM and in active lesions and observed in
macrophages, and occasionally in oligodendrocytes (Figure 5J, Q-R). Collectively, these data
show that loss of myelin and oligodendrocytes in the marmoset EAE brain was associated with
altered expression patterns of iron and iron metabolic markers and an uptake of iron in adjacent
areas similarly as seen in MS brain lesions.
Extensive oxidative damage in active marmoset EAE lesions
The lipid peroxidation markers 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA2) were
virtually absent in NAWM (Figure 6A-C, G). 4-HNE was markedly upregulated in astrocytes and
macrophages/microglia in active WM lesions (Figure 6D, K-L). MDA2 was robustly expressed
throughout active demyelinating lesion, particularly in macrophages (Figure 6H, M-N).
Extensive expression of 8-hydroxydeoxyguanosine (8-OHdG), a classical marker for oxidative
damage to DNA, was observed in active WM lesions, but absent in NAWM (Figure 6E-F).
Nitrotyrosine was weakly expressed in glial cells in the NAWM, whereas in active lesions and
PPWM nitrotyrosine immunoreactivity was strongly enhanced in astrocytes and macrophages
(Figure 6I-J). In conclusion, these data show extensive accumulation of oxidative damage markers
in inflamed marmoset EAE lesions.

Discussion
Although rodent EAE models have supported the development of MS immunotherapy, they
lack several clinical and pathological features of MS 4. Our current study demonstrates that the
marmoset EAE model accurately replicates key aspects of MS pathology, including the occurrence
of oxidative burst and associated oxidative stress and damage to essential biological
macromolecules 20,22,31. MS brain lesions, particularly the active demyelinating lesions, show signs
of ongoing severe oxidative stress as demonstrated by extensive accumulation of oxidized
phospholipids and oxidized DNA, as well as enhanced expression of anti-oxidant factors 32. Here,
we performed an in-depth histological analysis of marmoset EAE brain tissues to study the
expression of key proteins and markers involved in redox and iron metabolism and we determined
the extent of oxidative damage. The central message of the current study is that the expression
of markers indicative of oxidative stress and injury in active demyelinating marmoset EAE lesions
show a similar expression and cellular distribution pattern as active demyelinating MS lesions: 1)
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Figure 6. Oxidative damage occurs in the marmoset EAE brain. Depicted are PLP (A) and inflammation (MRP14;
B) showing active demyelination with uptake of PLP by macrophages (inset of A). In the NAWM (C), staining of

4-HNE was weakly expressed in some astrocytes or absent all together, but staining was markedly upregulated
in active lesions (D). In the active lesion, strong 4-HNE expression (green, K-L), was observed in both astrocytes
(red,K), and in macrophages (red, L). 8-0HdG was absent in NAWM (E), but could be observed in macrophages
and astrocytes of the active lesion (F). MDA2 was fairly absent in NAWM (G), but markedly upregulated in the
active lesion (H), with expression (green, M-E) being observed in macrophages (MRP14=red, N), but not in
astrocytes (red, M). Nitrotyrosine was weakly expressed in astrocytes in NAWM (I) and markedly upregulated
in active lesion immune cells and astrocytes (J). Image scale bars are 500 μm (perpendicular line), 100 μm
(closed square) and 50 μm (closed circle) and 20 μm (arrows). Black arrow denotes WML.
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ROS generating enzymes NADPH oxidase and iNOS are expressed in microglia/macrophages and
are significantly upregulated throughout active lesions; 2) likewise, the antioxidant enzymes
SOD1 and 2 decorate astrocytes and microglia/macrophages and are strongly upregulated in
active lesions; 3) mitochondrial stress (mtHSP70) is markedly upregulated throughout inflamed
WM and GM lesions; 4) the marmoset brain exhibits iron accumulation and displays specific
alterations in iron and iron-associated metabolic markers; 5) extensive accumulation of oxidative
tissue injury markers was observed throughout active demyelinating lesions.
The extent of oxidative injury is fundamentally different in rodent EAE compared to MS, with
extensive oxidative injury only being observed in virus-induced models 4. Schuh and colleagues
proposed several explanations for this discrepancy. NADPH oxidase and iNOS are very weakly
expressed in most rodent EAE models, which might be explained by specific-pathogen-free
housing that limits peripheral innate and adaptive immune stimulation. Moreover, rodent EAE
models lack accumulation of iron in myelin and oligodendrocytes. Unlike rodents, marmosets are
conventionally housed and exposed to environmental pathogens and thus disease induction is
juxtaposed on a pathogen educated marmoset immune system 19,33. Interestingly, induction of
oxidative stress did not differ per immunization protocol in marmoset EAE.
The lack of iron accumulation, together with reduced expression of enzymes involved in the
production of ROS/RNS, within the rodent brain might explain the limited oxidative damage
observed in rodent EAE models 4. Iron, while critical for the myelination process, is a recognized
amplifier of oxidative damage 1. The importance of neurodegeneration-associated iron
dysregulation in the MS brain is suggested and evidence is emerging that iron liberation is
involved in lesion expansion 34. Although iron deficient mice appear to be resistant to EAE, and
iron deposition has been noted in mouse EAE spinal cord tissue, overall iron deposition in the
brain appears to be lacking in rodent species 5,35. Iron accumulation in older rodents, if present,
appears to be limited to brain stem nuclei and is lacking in myelin tracts and oligodendrocytes 4.
We here show for the first time that iron accumulates in oligodendrocytes and myelin in the
marmoset brain and that EAE results in altered expression of iron metabolic markers and iron
content. Iron metabolism in non-human primates (NHP), including the marmoset, closely mirrors
iron metabolism of man, but differs substantially from rodents, demonstrated by the different
effects of iron chelator therapies 36,37. Metabolic processing of iron in primates, and the relatively
quick time to physical maturation of marmosets, in relation to most NHP species, may explain the
observation that iron accumulation was observed even in the youngest monkeys examined.
In conclusion, we demonstrate that oxidative stress and injury, pathological hallmarks of the
MS brain, is accurately replicated in marmoset EAE and that iron accumulation and liberation
may play a role in this process. Collectively, our data imply that the marmoset is a valuable preclinical MS animal model, in which new therapeutics aimed at reducing oxidative damage can be
explored.
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Abstract
Multiple sclerosis (MS) is a demyelinating disease of the central nervous system (CNS)
characterized by myelin loss and axonal damage in both the white matter (WM) and grey matter
(GM). Despite being traditionally viewed as a WM disease, GM demyelination and atrophy are
key characteristics of the MS brain and are positively correlated with motor and cognitive
disability. In the animal model of MS, experimental autoimmune encephalomyelitis (EAE), GM
pathology varies per species and is only present in some Lewis rat strains and in the Neotropical
primate common marmoset (Callithrix jacchus). In this study, we performed a comparative
analysis of GM pathology between different marmoset EAE induction protocols, with the aim to
gain insight into the underlying pathogenic mechanism(s). We observed the highest incidence of
animals with GM lesions and the highest percentage of GM demyelination after immunization
with human myelin emulsified in complete Freunds adjuvant (CFA). Monkeys inoculated with
MOG peptide 34 to 56 (MOG34-56) emulsified in either CFA or IFA, displayed clear GM
demyelination although no pathogenic anti-MOG antibodies were found, suggesting a role for T
lymphocytes or a soluble factor in GM lesion development. The higher extent of GM demyelination
in models induced with CFA suggests a contribution of myeloid cells activated by factors present
in CFA, but not in IFA. Future work to define the rate-limiting mechanism(s) driving GM injury,
particularly in monkeys with aggressive pathology, and refinement of EAE induction protocol are
warranted.
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Introduction

3

Multiple sclerosis (MS) is a chronic autoimmune inflammatory/demyelinating disease of the
human central nervous system (CNS) that affects an estimated 2.3 million people globally 1. The
prominent pathological feature of MS is multi-focal demyelinated lesions (plaques) that are
variably associated with a combined cellular and humoral autoimmune attack on myelin 2.
Lesions in the MS brain are disseminated through both the white matter (WM) and grey matter
(GM) and while historically MS was viewed predominantly as a WM disease, it is now increasingly
clear that the extent of focal WM damage alone cannot account for all symptoms observed in
patients. Both physical disability and cognitive deficits are more strongly correlated with GM
injury than with WM T1 hypointense and T2 hyperintense lesion load 3, 4-6.
Mechanistically it is unclear whether the GM injury observed in the MS brain results from a
primary (e.g. neuronal susceptibility or oligodendrocyte defects) or secondary pathogenic
process (e.g virtual hypoxia, pathogenic antibodies) 3. Injury to the GM occurs in all layers of the
cortex and of the three patterns of cortical demyelination, subpial lesions are the most abundant
7
. The predilection for subpial demyelination to occur in deep sulci regions of the cortex has led
some to hypothesize that these lesion types may be mediated by factors present in the
cerebrospinal fluid (CSF) such as cytokines or heat shock proteins; however, as to date, no single
factor has been isolated to explain this phenomenon 8.
Injury to the GM is variably reflected in rodent models of MS. The frequently used myelin
oligodendrocyte glycoprotein (MOG)-induced experimental autoimmune encephalomyelitis
(EAE) model in C57BL/6 mice has a strong predilection for spinal cord WM pathology, yet
notoriously lacks GM injury in the brain 9. In comparison, demyelination of the cerebral cortex
can be observed in the Lewis rat EAE model when using LEW.AR1 (RT1R2) and LEW.1W (RT1u)
strains sensitized against rhMOG and in Biozzi antibody high (AB/H) mice when immunized with
neurofilament proteins 10-12. Furthermore, stereotactic injection of cytokines into the cerebral
cortex or subarachnoid space of MOG-immunized rats (Dark Agouti and Lewis) manages to
replicate human cortical MS lesions 10,13.
Induction of EAE in the common marmoset (Callithrix jacchus) results in the development of
MS-like GM pathology 14-16. GM pathology in the marmoset model occurs in all layers of the
cortex and mirrors patterns of intracortical, leukocortical and subpial demyelination found in the
MS brain 17. Thinning of the cortex has also been observed in marmosets immunized with rhMOG
emulsified in complete Freund’s adjuvant (CFA) followed by an injection of inactivated Bordetella
pertussis suggesting that these monkeys exhibit neurodegenerative aspects of MS 10,16,17.
A major focus of marmoset EAE research at the Biomedical Primate Research Centre (BPRC;
Rijswijk, NL) over the last two decades has been refinement of the model. These efforts have
resulted in substitution of CFA for incomplete Freund’s adjuvant (IFA) and the use of a single
peptide instead of MOG protein in EAE induction protocols. It is unclear if this has had an impact
on the development of GM injury. We hypothesized that the innate stimulation by mycobacterial
components in CFA influences GM injury. Collectively, the results presented in this chapter show
that the development of GM lesions varies considerably per individual, even within the same
induction protocol, and that exclusion of mycobacterial component in immunization method had
deleterious effects on GM pathology development.
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Material and Methods
Marmoset EAE tissue
Archival formalin-fixed, paraffin-embedded tissues and cryogenically preserved plasma
samples derived from prior EAE experiments conducted at the Biomedical Primate Research
Centre (BPRC, Rijswijk, The Netherlands) were used for this study; hence no animal was directly
sacrificed for this research. Marmosets in studies were obtained from the purpose-bred colony
at the BPRC and all studies were performed under the approval of the institutional ethics review
committee in accordance to Dutch law.
To compare the effect of immunization on pathology development, we examined marmoset
EAE tissue (Table 1) from non-treated monkeys inoculated with: human myelin emulsified in CFA,
myelin from MOG-deficient C57BL/6 mice (MOG-/- myelin) in CFA, unglycosylated human
recombinant myelin oligodendrocyte glycoprotein (rhMOG1-125) in CFA or IFA, and synthetic
peptide representing amino acids 34-56 of human MOG (MOG34-56) in CFA or IFA. Hence, all
tested immunization methods involved in the refinement of the marmoset EAE model are
represented in this study.
EAE induction
A detailed description of disease induction and monitoring can be found elsewhere 18. Briefly,
induction of EAE was performed by injection of antigen-adjuvant emulsion into the dorsal skin of
sedated marmosets. During experiments, marmosets were monitored daily for the development
of neurological symptoms. A standardized scoring system was utilized for daily monitoring of
overt clinical signs whereby score 2 = ataxia or optic disease; and 2.5 = paresis of two limbs.
Humane euthanasia for ethical reasons was performed once monkeys exhibited paresis of two or
more limbs (score 2.5) or paralysis of one or more limbs (score 3). The monkeys for this study
were selected based upon the development of clinically evident disease severe enough to
warrant humane euthanasia, unless otherwise noted.
Pathological characterization by immunohistochemistry
Immunohistochemical analysis of formalin-fixed paraffin embedded material was performed
on 5 µm sections. Sections were deparaffinized using xylene (VWR, Radnor, PA) and then
rehydrated via graded ethanol into distilled water. To block endogenous peroxidase activity,
tissue sections were incubated in 0.03% hydrogen peroxide (Sigma, St. Louis, MO) in methanol
for 30 min and heat-induced antigen retrieval (steaming) was performed in either EDTA (pH 8.6;
Sigma) or citrate (pH 6.0; Sigma). After antigen retrieval, tissue was rinsed twice in Tris-buffered
saline (TBS). Tissue sections were incubated in 10% FCS in Dako wash buffer (DAKO, Glostrup,
Denmark) for 30 min to block non-specific antibody binding.
Tissue sections were incubated with primary antibodies overnight at 4°C and several wash
steps (TBS) were performed to remove non-specific Ab binding. Visualization of bound antibody
was performed using the avidin-biotin complex (ABC) method. Biotin-labeled secondary
antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA) were added to tissue
sections for 1 h at room temperature and sections were subjected to additional wash steps.
Detection of ABC binding was done with avidin-labeled peroxidase (Sigma, 1:150) and
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Table 1. Animals used in this study

a
b

3

Animal

Gender

Age (months)

Immunization

Day of sacrifice Max. EAE score

1

F

33

Myelin/CFA

Week 7

2

2

F

N.A.

Myelin/CFA

21

3

3

M

45

Myelin/CFA

Week 35

2

4

M

39

Myelin/CFA

46

N.A.b

5

M

39

Myelin/CFA

46

N.A.b

a

6

M

57

Myelin/CFA

Week 76

1

7

M

24

rhMOG/CFA

111

2.5

8

M

42

rhMOG/CFA

55

2.5

9

M

64

rhMOG/CFA

57

3
3

10

M

128

rhMOG/CFA

55

11

M

86

rhMOG/CFA

59

2.5

12

M

33

rhMOG/CFA
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diaminobenzidine tetrachloride (DAB, Sigma). A hemalaun counterstain was performed to
visualize nuclei. Finally tissue sections were dehydrated with graded ethanol and xylene and then
mounted with malinol (Waldeck, Münster, Germany).
Quantification of demyelination
To select tissue for comparison of immunization methods, we first performed a pathological
characterization of non-treated EAE marmosets that developed neurological symptoms to assess
the presence of GM pathology. For each marmoset (n=111), 4-12 coronally cut areas from the
front, mid and hindbrain were analyzed. A binary (yes/no) screening was performed for the
presence of leukocortical, intracortical and subpial lesions. From the group of marmosets that
had developed clinically evident EAE and were GM+, a selection was made for further
characterization (see Table 1). Each immunization group, with the exception of MOG34-56/CFA
immunized marmosets, contained a minimum of 6 monkeys. Lower numbers in the MOG34-56/
CFA are attributed to tissue availability and reflect a limited usage of this model.
To determine the area of demyelination of GM and WM, marmoset tissue sections were
stained for PLP as described above. Tissue slides were scanned at high resolution (2000 dpi) and
images were analyzed using Nanozoomer Digital Pathology software. Standard scale bars were
used to calculate area of demyelination (mm2) and data were then expressed as a percentage of
the whole WM or GM.
MOG-IgG immunofluorescence assays
The presence of pathogenic antibodies to conformationally intact MOG in marmoset EAE sera
was determined by a well-characterized cell surface live staining immunofluorescence technique
as previously reported 19,20. Briefly, HEK-293A cells were transfected with human MOG cloned
into mammalian expression vector (Vivid ColoursTM pcDNATM 6.2-EmGFP/TOPO; Invitrogen)
resulting in the expression of MOG fused C-terminally to EmGFP. A Cy3-conjugated goat antihuman IgG antibody was used for detection of marmoset serum MOG-IgG on the surface of the
MOG expressing cells. Cells were incubated with marmoset immune plasma samples (diluted
1:20 and 1:40) for 1 h at 4o C following a blocking step with goat IgG (Sigma-Aldrich). Human
serum probes that are known anti-MOG IgG positive and negative were used as positive and
negative controls in each assay as a quality control. A seropositive cutoff of 1:160 dilution was
applied based on previous findings in human MS serum 20.
Figures and statistics
Figures were compiled with Adobe InDesign CC 2015 (Adobe Systems, San Jose, CA) and then
adjusted with Adobe Photoshop CC 2015 (Adobe Systems). Statistical analysis (Mann-Whitney
test and Spearman correlation) was performed using Graphpad Prism 5.0 (GraphPad Software,
Inc., La Jolla, CA).
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3

A pathological characterization
The first EAE induction protocol in the marmoset EAE model used a homogenate isolated
from the WM of an MS patient emulsified in commercial CFA, containing mycobacterium
tuberculosis for stimulation of innate immunity 21. In these animals, widespread demyelination of
the GM was frequently observed (Figure 1A-B). When present, subpial demyelination was often
extensive (Figure 1A, arrow), and in some cases, injury extended into all layers of the cortex and
spanned large sections of the sulci and gyri (Figure 1A). Leukocortical and intracortical lesions in
this model were routinely observed and like subpial demyelination, considerable heterogeneity
of the extent and stage of activity of lesions were noted. To reduce the time required for
development of clinically evident disease, new EAE induction protocols were established, which
were based on immunization with rhMOG or MOG34-56 emulsified in CFA. As shown in
Figure 1C-F, inflammation and demyelination in both WM and GM were routinely observed in
these models. Whereas both protocols elicited robust GM injury, demyelination was frequently
noted as less extensive than in human myelin (CFA) immunized monkeys. For subpial
demyelination, the sulci and areas adjacent to demyelinating WM corpus callosum regions were
noted as predilection sites for lesion development. Despite predilection areas of GM subpial
injury, like in human myelin/CFA immunized monkeys, demyelination was observed in gyri of the
cortex independent of demyelination of the sulci. Similarly, leukocortical and intracortical lesions
were frequently found in both models and were also heterogeneous in size and activity.
A key step in the model refinement process was the elimination of the bacterial component
from CFA via immunization with antigen emulsified in the more animal welfare friendly IFA. In
monkeys that were immunized with rhMOG emulsified in IFA, GM demyelination could be
detected in some monkeys. However, whereas all models exhibited considerable heterogeneity
between marmosets with respect to the extent of GM demyelination, and thus minor amounts
could be observed in some monkeys of the CFA models, GM demyelination was noticeably less in
the rhMOG/IFA monkeys; both in relation to the number of monkeys that developed GM
demyelination and to the extent of the GM injury.
A pathological characterization of the most refined model
Immunization with the single encephalitogenic peptide MOG34-56 in IFA represents the
minimal requirement to reproducibly induce MS-like pathology and disease. As shown in
Figure 2A, this refined protocol also elicits subpial, intracortical and leukocortical demyelination
(Figure 2A, Box 1-2). Whereas GM and WM demyelination varied between individual marmosets,
extensive demyelination of both regions could be observed. Leukocortical lesions often were
associated with large demyelinating WM lesions and generally were paucicellular compared to
the adjacent WM area (Figure 2G). Intracortical regions were found adjacent to leukocortical
and subpial lesions, but could also be observed independent of other lesion types. Subpial
lesions were frequently observed near inflamed corpus callosum regions, often associated with
macrophage/microglia activation and could penetrate deep into the cortex (Figure 2). Like in all
other models examined, demyelination was associated with variable loss of oligodendrocytes
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A

Figure 1. Pathological characterization of different EAE models. Brains from marmosets with EAE induced by
different immunization protocols were pathologically characterized for demyelination (proteolipid protein
(PLP)) and inflammation (MRP14) in white matter (WM) and grey matter (GM). The depicted brain slices are
from marmosets with EAE induced with: human myelin emulsified in CFA (A-B), human recombinant myelin
oligodendrocyte glycoprotein (rhMOG) in CFA (C-D), synthetic peptide representing amino acids 34-56 of
human MOG (MOG34-56) in CFA (E-F) and rhMOG in IFA (G-H). Arrows indicate areas of demyelination.

132

Cortical demyelination in marmoset EAE

3

1
SP
1
B

C
SP
2

A
2

D

E

LC

LC
IC

IC

G

F

H

IC

I

Figure 2. A refined model: MOG34-56/IFA. Immunization with the encephalitogenic peptide MOG34-56
emulsified in IFA is the minimal requirement to induce clinical EAE. Shown in A is a PLP staining highlighting

areas of subpial (box 1), leukocortical and intracortical lesions (box 2). Box 1 is magnified in B-F. Subpial (SP)
lesions were frequently found adjacent to active white matter corpus callosum lesions (B; arrow = lesion). The
border of these lesions could extend deep into the grey matter, often containing PLP positive macrophages
(arrow in C), meningeal infiltrates including T cells (D) and expression of MRP14 in microglia (box in E).
Demyelinated subpial areas contained fewer oligodendrocytes (F; arrow points at a residual oligodendrocyte)
compared to non- demyelinated areas (top of F). Box 2 is magnified in G showing an intracortical (IC) and a
leukocortical (LC) lesion. H, CNPase staining showing myelinating oligodendrocytes at the edge of the
intracortical (IC) lesion with lesion center relatively devoid of oligodendrocytes (Inset = an apoptotic
oligodendrocyte). I, detection of MRP14 expression was observed in these lesions.

depending on lesion activity and stage (Figure 2F). Thus, even with elimination of bacterial
components from adjuvant and immunization with a single peptide sequence, MS-like GM
pathology could be elicited.
A quantitative comparison of models
Following a gross pathological assessment, we performed a comparative quantitative analysis
of the ability of the different EAE induction protocols to elicit leukocortical, intracortical and
subpial demyelination. Shown in Figure 3A is the percentage of marmosets per EAE induction
protocol that developed GM injury. The model with the least number of monkeys with GM injury
was the rhMOG/IFA model (21%). In contrast, 55 and 63% of rhMOG/CFA and human myelin/CFA
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Figure 3. GM lesion assessment in the different induction protocols. Marmoset EAE brains were assessed for
grey matter (GM) lesions. A shows the percentage of marmosets per EAE induction method that developed

GM lesions. Shown in B-F are pie charts depicting the percentage of GM lesion types observed per EAE
induction protocol (color codes explained in legend).

immunized monkeys, respectively, were positive for GM lesions. Monkeys immunized with
MOG34-56 emulsified in CFA (47%) or IFA (52%) were intermediate in development of GM
pathology. Shown in Figure 3B-F are the percentages of animals with each type of GM lesion
observed. Whereas few monkeys developed intracortical lesions only, monkeys frequently
developed either all three types of lesions or subpial lesions alone. In both human myelin/CFA
and MOG34-56/IFA immunized marmosets, a subgroup of monkeys developed leukocortical
lesions only (10 and 12%, respectively).
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We next quantified the extent of both brain WM and GM demyelination as a percentage of
the respective areas (Figure 4). GM demyelination was the lowest in the rhMOG/IFA (x = 1.1%)
immunized marmosets and highest in the human myelin/CFA (x = 14.4%) immunized monkeys.
Notably, both of these groups displayed the least WM demyelination (Figure 4A-B). With respect
to GM injury, the percentage of demyelination was significantly higher (p<0.05) in the human
myelin/CFA marmosets compared to all groups except for MOG34-56/CFA monkeys (Figure 4A).
Although the mean percentage of demyelination was 5.7% in MOG34-56/CFA marmosets and
only 2.1% in the MOG34-56/IFA monkeys, no significant difference was found between these two
groups (Figure 4C). When comparing rhMOG/CFA and rhMOG/IFA immunized animals for WM
and GM demyelination, the IFA group trended towards being significantly lower (p=0.06) than
GM
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Figure 4. Quantitative comparison of GM and WM demyelination different the different protocols. White matter

(WM) and grey matter (GM) demyelination were quantified by analyzing PLP staining of coronally cut areas
(4-12/marmoset) from the front, mid and hindbrain. The areas of demyelination were then expressed as a
percentage of total WM or GM surface area analyzed. Shown are a comparison of WM and GM demyelination
of all induction protocols (A-B), by antigen in relation to adjuvant (C-D, G-H), differences between antigens
regardless of adjuvant (E,I) and differences between adjuvants regardless of antigen (F,J). Note that the
positive significant impact of CFA on GM demyelination area was also observed when excluding marmosets
immunized with human myelin (data not shown).

135

3

Chapter 3 | Into the CNS

the CFA-immunized marmosets (Figure 4D, H). The overall amount of GM demyelination was
significantly lower (p<0.05) in IFA-based induction protocols when comparing adjuvant
irrespective of immunization antigen, but not when comparing antigen irrespective of adjuvant
used; no trends with respect to WM were observed (Figure 4E-F, I-J). These differences between
CFA and IFA induction protocols were also observed when human myelin/CFA-immunized
marmosets were excluded from the analysis (p=0.02; data not shown).
The relationship between WM and GM demyelination
In the marmosets that developed GM lesions, we next determined to which extent GM
demyelination correlated to WM demyelination. Shown in Figure 5 is the percentage WM
demyelination plotted against the percentage GM demyelination for all marmosets analyzed (A),
per immunizing antigen (B-D) and by adjuvant (E-G). Whereas a positive significant correlation
(r = 0.65, p = 0.007) could be observed for the rhMOG-immunized monkeys, WM demyelination
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Figure 5. Correlation between WM and GM demyelination. Shown is the correlation between the percentage of
demyelination of white matter (WM) and grey matter (GM) for all EAE induction protocols (A), individual
antigen (B-D) and adjuvant (E-G). No correlation was observed when the outlier was excluded (D).
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was not significantly correlated to GM injury in the MOG34-56 group (Figure 5B-C). For the
human myelin-immunized monkeys (Figure 5D), there was a negative correlation trend, although
no significance was observed; the correlation was not observed when eliminating an outlier from
the data set (data not shown). With respect to adjuvant, no significant correlations between WM
and GM demyelination were observed in either IFA or CFA immunized monkeys (Figure 5E-F).
However, when excluding marmosets from the human myelin immunized group, WM
demyelination positively (r= 0.57; p =0.05) correlated with GM demyelination over all remaining
groups (Figure 5G). Thus, the degree of correlation between WM and GM varies per disease
induction protocol.
The role of auto-antibodies in demyelination
As all marmoset EAE induction protocols make use of active immunization with self-antigen,
pathogenic auto-antibodies may be induced and play a role in disease progression and GM injury.
Hence, we assessed the presence of IgG and C9neo in EAE brain tissue. Marmosets that were
immunized with myelin from MOG KO and WT mice were included in this analysis as controls. In
all models, IgG deposition was widespread in both WM and GM (Figure 6A-C). In contrast,
complement activation (C9neo deposition) was observed only in early active lesions, characterized
by macrophages/microglia with intracellular MOG (Figure 6A-B, D). In the early active,
demyelinating areas, deposition of C9neo was readily discernible in WM, and in leukocortical and
intracortical lesions (Figure 6D). As the uptake of IgG and C9neo by macrophages/microglia was
not as easily discernible as uptake of PLP, sera were tested for the ability to bind to conformational
MOG. Regardless of the adjuvant used (IFA or CFA), 100% of the monkeys immunized with
rhMOG were tested positive for serum antibodies (Figure 6E) against conformationally intact
human MOG at levels deemed pathogenic (titer >160). In contrast, no detectable antibody
binding to conformationally intact human MOG could be observed in monkeys immunized with
MOG34-56 in both CFA and IFA. Marmosets immunized with myelin from WT mice emulsified in
CFA had levels of anti-MOG antibodies (x = 265) deemed pathogenic, albeit much lower than
rhMOG-sensitized monkeys (x = 1472). Plasma from MOG-/- myelin/CFA-immunized monkeys
tested negative, except for the one animal that developed clinical symptoms of EAE and
pathology. Furthermore, also naïve marmosets tested negative for anti-MOG antibodies. Sera
from human myelin/CFA monkeys were not available for testing.
In conclusion, we could confirm that monkeys immunized with MOG34-56 do not produce
antibodies that bind to conformationally intact MOG, but future work is needed to entirely
exclude a role of antibodies in demyelination in these models.

Discussion
The ability of animal models to accurately replicate key pathological features of MS and the
understanding of the limitations to which they reflect aspects of disease, is vital in the selection
process for preclinical testing of novel therapeutics9. GM injury is increasingly recognized as a key
contributor to disease progression. Despite this, GM lesions are only routinely elicited in EAE in a
limited number of congenic Lewis rat strains and in common marmosets 10,12,13,16,22. Recently, we
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Figure 6. IgG, complement activation and anti-MOG antibodies. Deposition of IgG and C9neo was analyzed by
immunohistochemistry. Lesions were characterized by staining of PLP (A) and MRP14 (B). In all models (A-D =
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regardless of the presence of lesions (C). Immunoreactivity to C9neo could readily be observed in early active
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Titers of pathogenic antibodies to conformationally intact MOG in sera of EAE and non-EAE marmosets.
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demonstrated that also oxidative tissue injury, a key feature of MS pathology, is well replicated in
marmoset EAE 23, while this pathological aspect is absent in almost all rodent EAE models tested
thus far 24. The conclusion is therefore warranted that the marmoset EAE model, of all known EAE
models, most comprehensively approximates the pathological complexity of MS.
In the current study, we performed a comparative analysis of different EAE induction protocols
for their ability to elicit WM and GM injury in the marmoset. Whereas previously we estimated
GM injury in marmosets to occur in roughly 10-20% of the tested marmosets (our own
observation), the actually observed numbers far exceeded this. The discrepancy between
previously estimated and actually observed prevalence of GM injury, could be due to the reliance
on MRI when estimating the proportion of animals that developed GM injury. Whereas
leukocortical or large inflamed intracortical lesions may be detected on routine T2W MR images,
subpial lesions are frequently missed in MS 25.
One aim of this study was to gain insight into the mechanisms involved in GM lesion formation.
The results of this study demonstrated that the method with which EAE is induced determines
the development of GM injury. When comparing the role of the adjuvant, marmosets immunized
with CFA-based antigen formulations, irrespective of the antigen used, had significantly more GM
injury. This was also true when the high responding human myelin/CFA-immunized monkeys
were excluded from the analysis. Interestingly, the role of adjuvant was clear in marmosets
immunized with rhMOG, but less outspoken in marmosets immunized with MOG34-56. This
observation may be explained by the role of innate immunity in GM injury in rhMOG-induced
models, where anti-MOG antibodies are involved. Recently it has been demonstrated by others
that depletion of CCR2+ monocytes in rhMOG/CFA-immunized marmosets significantly reduced
subpial demyelination and disease severity 26. Whereas the additional innate stimuli given by CFA
could enhance antibody dependent cell-mediated cytotoxicity in models where a clear role of
antibodies has been established; it is tempting to speculate that the role of adjuvant is less
pertinent in MOG34-56 immunized marmosets, because these models are based on the
reactivation of effector memory cytotoxic T lymphocytes.
One caveat to this analysis is the considerable heterogeneity with respect to the amount of
GM demyelination, even between individual monkeys in the same protocol. This finding is
consistent with what is observed in the MS patient 27. This suggests that other factors besides the
EAE induction method may strongly influence GM pathology development, such as tissue
vulnerability. In the MS patient, GM pathology becomes more evident as disease progresses and
brain atrophy is associated with later stages of disease; hence duration and severity of the
disease may contribute to the degree to which the GM is injured in the marmoset model 28.
Indeed, the model that exhibited the most severe GM injury was the human myelin/CFA group
which had a longer duration/time between immunization and the development of clinical
symptoms suggesting chronicity of disease plays a role in GM lesion formation 21.
Other potential rate-limiting factors in GM injury could be MHC (Caja) allelic variation, and
lymphocryptovirus infection status. As the development of GM lesions in Lewis rat is dictated by
the MHC variation, and it has been postulated that the CalHV3 infected B cell is the obligatory
antigen-presenting cell in marmoset EAE, future investigation is warranted 29.
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One interesting observation of this study was the finding that the correlation between WM
and GM injury in marmoset EAE was dependent upon the model used. There was a correlation in
marmosets immunized with rhMOG, but no positive correlation was observed in other protocols.
Focal demyelination of the WM does not correlate to injury of the GM in the MS patient 25,30.
However, a weak correlation between the amount of WM inflammation and GM demyelination
has been demonstrated 28. The current study did not address the correlation between WM
inflammation and GM demyelination, but it should be noted that we have observed both
extremes of the spectrum; i.e. monkeys with massive GM injury and widespread WM
inflammation with minimal WM demyelination, and those with widespread WM demyelination
and inflammation, but negligible GM injury. One should interpret this data with slight caution,
however, as WM demyelination was quantified on the basis of PLP staining. Whereas MOG has
shown to be sequentially lost earlier than PLP, detection of cortical lesions on the basis of MOG
has technical difficulties 31. Thus, the true amount of demyelination would likely be much higher
in the WM of marmosets that contained many early active lesions when assessing demyelination
based on MOG.
Finally, we confirmed previous reports documenting that in MOG34-56 immunized marmosets
pathogenic antibodies against conformationally intact MOG are not formed 14,32. A role of
antibodies of other specificities than MOG in demyelination has yet to be excluded. As C9neo
deposition was observed only in early active lesions, it is unclear if this staining pattern represents
a technical artifact as detailed by Prineas and colleagues 33 or if a non-MOG pathogenic antibody
plays a role in disease progression. A future investigation to provide clarity on the detection of
this staining pattern in the early active lesion is warranted.
In conclusion, we demonstrate that demyelination of the GM is highly variable in the
marmoset EAE model. GM injury in NHP can be moderately influenced by the method of EAE
induction, and is also likely highly influenced by factors not assessed in this analysis. Like in
humans, the formation of GM lesions in marmosets is at least partially dissociated from WM
demyelination, particularly in the peptide-based models. Together, these results suggest that in
at least a cohort of marmosets, a more progressive MS-like pathology occurs.
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Abstract
Background: Oxidative stress is increasingly implicated as a co-factor of tissue injury in
inflammatory/demyelinating disorders of the central nervous system (CNS), such as multiple
sclerosis (MS). While rodent experimental autoimmune encephalomyelitis (EAE) models diverge
from human demyelinating disorders with respect to limited oxidative injury, we observed that in
a non-human primate (NHP) model for MS, namely EAE in the common marmoset, key
pathological features of the disease were recapitulated, including oxidative tissue injury.
Method: Here, we investigated the presence of oxidative injury in another NHP EAE model,
i.e. in rhesus macaques, which yields an acute demyelinating disease more closely resembling
acute disseminated encephalomyelitis (ADEM) than MS. Rhesus monkey EAE diverges from
marmoset EAE by abundant neutrophil recruitment into the CNS and destructive injury to white
matter. This difference prompted us to investigate to which extent the oxidative pathway features
elicited in MS and marmoset EAE are reflected in the acute rhesus monkey EAE model.
Results: The rhesus EAE brain was characterized by widespread demyelination and active
lesions containing numerous phagocytic cells and to a lesser extent T cells. We observed induction
of the oxidative stress pathway, including injury, with a predilection of p22phox expression in
neutrophils and macrophages/microglia. The oxidative stress and injury could be attributed to
the accumulation of iron in the brain.
Conclusions: These results indicate that pathogenic mechanisms in the rhesus EAE model
may differ from the marmoset EAE and MS brain due to the neutrophil involvement, but in the
end lead to similar induction of oxidative stress and injury.
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Introduction

3

Cell-mediated demyelinating diseases of the central nervous system (CNS) are idiopathic
disorders that include multiple sclerosis (MS) and acute disseminated encephalomyelitis
(ADEM) 1. As these diseases have a predilection for onset and diagnosis in children (ADEM) or
young adults (MS), the quality of life is adversely affected during prime activity years 2. One
inherent commonality of these diseases, as well as with other neuro-immunological disorders,
such as stroke, is a dysfunction of the blood-brain barrier and leukocyte extravasation from the
periphery into the CNS 1,3. Although both the innate and adaptive arms of the immune system
play a role in disease activity, the innate immune arm plays a particularly vital role in orchestrating
demyelinating pathologies 4.
Non-human primates (NHP) have emerged as valuable pre-clinical models for the translation
of scientific discoveries in rodent-based models of (auto)immune inflammatory diseases to
clinical application 5. NHP, compared to mice, not only have a much closer evolutionary proximity
to humans, which is reflected by genetic and immunological similarity, but they also display more
similar complexity of neuro-anatomical structures 6,7. EAE can readily be induced in diverse NHP
species. Both common marmosets (Callithrix jacchus) and rhesus macaques (Macaca mulatta)
are equally susceptible to developing EAE, yet they differ in their requirement for adjuvant in EAE
induction and the manner in which the ensuing disease progresses 8-11. Despite a closer biological
and phylogenetic relationship of rhesus monkey to human than marmoset, disease development
in the rhesus EAE model is much more acute and aggressive. A characteristic pathological
difference between the EAE models in marmoset and rhesus monkeys is the presence of large
necrotic/hemorrhagic lesions in the latter, which are absent in the marmoset 9. Clinically, EAE in
rhesus monkeys resembles ADEM, one of the juvenile forms of MS and displays a rapid and
aggressive clinical course expressing symptoms such as vomiting, vision impairment, and acute
neurological deficits, such as rapid onset of hemiparesis 12,13.
In both ADEM and rhesus monkey EAE, evidence for a pathogenic role of neutrophils was
found, but their exact role in the animal model has not been analysed 14. Neutrophilic granulocytes
are abundant in peripheral blood and rapidly mobilize to sites of infection or damage where they
phagocytose pathogens, release proteinases and anti-microbial peptides, and form extracellular
traps 4,15. Similar to macrophages, neutrophils generate reactive oxygen species (ROS) by electron
chaperone NADPH oxidase complexes localized in phagolysosomes and cell membranes. The
activation of NADPH oxidase involves the assembly of cytosolic (p47phox and p67phpox) with
membrane-bound (gp91phox, p22phox) subunits into a multimeric complex 16. While ROS have a
vital role in the intra-phagosomal degradation of pathogens, they can elicit oxidative stress and
oxidative tissue injury when released outside cells 17. The brain is naturally highly vulnerable to
oxidative stress, which is due to the high polyunsaturated fatty acid content of the neuronal
membranes and the high oxygen consumption relative to the rest of the body 18. Oxidative injury
and mitochondrial dysfunction are now implicated as main causative factors of axon degeneration
in the MS brain (reviewed in 19,20).
The inflammatory active MS lesion is characterized by the expression of ROS generating
NADPH oxidase in resident (microglia) and infiltrated (macrophages) phagocytic cells. The
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presence of markers associated with oxidative stress coincided with marked upregulation of antioxidant enzymes, such as superoxide dismutase (SOD) 1 and 2 21,22. SOD2 was prominently
expressed in astrocytes and neurons of the MS and marmoset EAE brain 21,23,24. Up-regulation of
mitochondrial heat shock protein 70 (mtHSP70) is a known tissue reaction to oxidative stress to
minimize protein aggregation 25. Recently, we have shown that oxidative stress and injury are key
pathological features of the marmoset EAE model (Dunham et al. 2017, J Neuropathol Exp
Neurol, In press). The inadequate replication of these features in rodent EAE models underscores
the translational relevance of the marmoset model 26. The fundamentally different severity of
oxidative stress and white matter injury observed between the marmoset EAE model and rodent
EAE models can in part be attributed to the accumulation of iron observed in both marmoset and
human brain. Iron may amplify oxidative injury by catalyzing the formation of highly toxic hydroxyl
radicals via the Haber-Weiss reaction 27.
The aim of the current study was to characterize the oxidative stress pathway in the acute
demyelinating rhesus monkey EAE model. We show abundance of NADPH oxidase expressing
neutrophils and iron in the rhesus monkey EAE brain. These elements combined underlie the
strong oxidative stress and injury that characterize the lesions in this model.

Material and Methods
Rhesus monkey tissues
Cryopreserved and formalin-fixed, paraffin-embedded tissues from previous rhesus monkey
EAE experiments performed at the Biomedical Primate Research Centre (BPRC, Rijswijk, The
Netherlands) were used for this study. These studies were reviewed and approved by the
institutional ethics review committee. EAE induction was performed by immunization with
human recombinant myelin oligodendrocyte glycoprotein (rhMOG) emulsified in CFA (rhMOG/
CFA). The monkeys for this study were selected based upon development of clinically evident
disease severe enough to warrant humane euthanasia. For a detailed description of disease
induction and monitoring see Haanstra et al 12.
Immunohistochemistry
Immunohistochemical analysis of formalin-fixed paraffin embedded material was performed
on 5 µm sections. Sections were deparaffinized using xylene (VWR, Radnor, PA), rehydrated via
graded ethanol into distilled water and blocked for endogenous peroxidase activity by incubating
tissue in 0.03% hydrogen peroxide (Sigma, St. Louis, MO,) in methanol for 30 min. Heat-induced
antigen retrieval was performed in either EDTA (pH 8.6; Sigma) or citrate (pH 6.0; Sigma) and
tissue was rinsed twice in Tris-buffered saline (TBS) following steaming. To block non-specific
antibody binding, tissue sections were incubated in 10% FCS in Dako wash buffer (DAKO, Glostrup,
Denmark) for 30 min. To stain cryo-preserved material, sections of 6-8 µm were mounted onto
permafrost plus tissue slides and fixated with acetone (10 min). Prior to nonspecific antibody
blocking tissue sections were air dried for 10 min, rinsed with PBS, and incubated in PBS with
0.03% hydrogen peroxide to block endogenous peroxidase.
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Tissue sections were incubated with primary antibodies (See Table 1) overnight at 4°C.
Following wash steps with TBS to remove excess antibody. Biotin-labeled secondary antibodies
(Jackson ImmunoResearch Laboratories, West Grove, PA) were added to tissue sections for 1 h at
room temperature. Following an additional wash step, avidin-labeled peroxidase (Sigma, 1:150)
was added prior to visualization with diaminobenzidine tetrachloride (DAB, Sigma). A hemalaun
counterstain was performed to visualize nuclei by incubation tissue for 2 min in a 1:10 diluted
hemalaun (Merck Millipore; Billerica, MA). Finally, tissue was dehydrated with graded ethanol
and xylene prior to mounting with malinol (Waldeck, Münster, Germany).
To quantify expression of cellular and oxidative stress markers, 400x images of normal
appearing white matter (NAWM) (5 animals) and of active lesions (5 animals) were converted to
8 bit using ImageJ and a threshold was applied (to images) to eliminate non-specific staining.
Standard scale bars were used to calculate the area of the images to determine cells/area and
data is presented as the number of positively staining cells /mm2.
Table 1. Antibodies used for immunocytochemistry

Primary antibody

Company

Catalog

Host

Target

HLA-DR

DAKO

M0775

Mouse

Antigen presentation

Iba-1

Abcam

AB15690

Mouse

Microglia

MRP14

BMA biomedicals

S100A9

Mouse

Macrophage

CD3

Agilent Technologies A0452

Rabbit

T cell

CD66

Miltenyi Biotec

130-093-133

Mouse

Neutrophil

PLP

Serotec

MCA839G

Mouse

Myelin

GFAP

Sigma

SAB5201104

Mouse

Astrocyte

NeuN

Millipore

MAB377

Mouse

Neuron

P22phox

Santa-cruz

SC20781

Rabbit

NADPH oxidase subunit

iNOS

Chemicon

AB16311

Rabbit

Reactive nitrogen species

mtHSP70

ThermoFisher

MA3-028

Mouse

Oxidative stress (mitochondria)

SOD2

Abcam

ab13533

Rabbit

Oxidative Stress (mitochondria)

8-OHdG

Abcam

ab62623

Mouse

Oxidative Injury

Immunofluorescence
Double or triple fluorescent labeling was employed to determine co-localization of expression
of various markers associated with the oxidative damage pathway. Staining was performed
similar to the immunohistochemistry protocol described above, with minor deviations. Briefly,
following overnight incubation at 4°C with primary antibodies diluted in Dako ready-to-use
diluent (DAKO) or TBS with 10% FCS, slides were washed in TBS and incubated for an additional
1 h. For visualization, tissue was incubated for 1 h at room temperature with directly labeled
secondary antibodies against primary host species conjugated to CY2, CY3 and CY5 (Jackson
ImmunoResearch Laboratories,). Cell nuclei were visualized using a commercially available
Vectashield DAPI antifade mounting kit (Vector laboratories, Burlingame, CA). Fluorescence
images were taken with a 63x oil immersion lens on a Leica systems microscope (DMI 600B; Leica
Microsystems GmbH, Wetzlar, Germany).
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Iron staining
To determine the iron content of the post-mortem primate brain, DAB-enhanced TurnBull
staining of non-heme tissue iron was performed on formalin-fixed paraffin-embedded tissue
sections as described 28,29. Briefly, paraffin-embedded tissue sections of 5 μm thickness were
deparaffinized using xylene and then rehydrated via graded ethanol into distilled water. Tissues
were treated with 10% ammonium sulfide (Merk Millipore; NY) for 1.5 h and with potassiumferricyanide (Sigma) for 15 min. Endogenous peroxidase was blocked with 0.03% hydrogen
peroxide in methanol (Sigma) prior to amplification with 0.025% 3,3’-diaminobenzidine (Sigma,
St. Louis, MO). Hemalaun counterstaining was performed as described above.
Figures and statistics
Figures were made using Adobe InDesign CC 2015 (Adobe Systems, San Jose, CA) and in some
cases images were adjusted for brightness using Adobe Photoshop CC 2015 (Adobe Systems).
Statistics (Mann-Whitney test) was performed using Graphpad Prism 5.0 (GraphPad Software,
Inc., La Jolla, CA).

Results
Neutrophil-mediated widespread demyelination in rhesus monkey EAE
A generic pathological characterization was performed on brains of two non-immunized
control rhesus monkeys and five rhesus monkeys with rhMOG/CFA-induced EAE. In the
non-EAE animals sparse infiltrates of immune cells such as neutrophils (CD66), macrophages
(myeloid-related protein 14 (MRP14)) and T cells (CD3) were observed in NAWM and often small
clusters composed of macrophages and neutrophils could be detected in these areas (Figure 1).
As inflammation and demyelination are widespread, lesion borders of active demyelinating
lesions (Figure 1) were not as clear as typically observed in marmoset EAE. The cellular infiltrate
of active lesions is predominantly composed of neutrophils, macrophages and microglia
(Figure 1D, F, H). T cells were substantially detected in the active lesion, albeit less frequent in
numbers compared to macrophages and neutrophils (Figure 1J). Quantification of Iba-1, MRP14,
CD66 and CD3 was performed in 15 active lesions and 15 areas of NAWM (Figure 2). The number
of cells expressing Iba-1, MRP14, CD66 and CD3 were significantly increased in active lesions
compared to NAWM, with the highest numbers for macrophages and neutrophils (Figure 2).
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NAWM

3

Lesion

B

C

D

E

F

G

H

I

J

CD3

CD66

MRP14

Iba-1

PLP

A

Figure 1. Characterization of rhesus monkey EAE brain pathology. Tissue was stained for myelin (PLP; A-B),
microglia/macrophages (Iba-1; C-D), macrophages & neutrophils (MRP14; E-F), neutrophils (CD66; G-H), and T
cell markers (CD3; I-J). In the NAWM (left column), infiltrating immune cells were absent to sparse, yet

markedly upregulated in the active lesions (right column). The dominant immune cell types of the active
lesion were macrophage/microglia (D, F) and neutrophils (H). T cells, as determined by CD3 positivity, were
readily detected in large numbers, yet visually less abundant than other cell types (J). The image scale bar is
100 μm.
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Accumulation of iron in the rhesus monkey brain
The observation that the different ability of immuno-pathogenic factors in MS and marmoset
EAE brain to elicit oxidative tissue injury in comparison to rodent strains may be caused by the
lacking accumulation of iron in rodent CNS, prompted us to stain for total non-heme iron (Turnbull
staining). Profound iron accumulation could be observed in oligodendrocytes and myelin of the
white and grey matter in the control rhesus monkey brain (Figure 3A-C). The diffuse nature of
demyelination in rhesus EAE hampered the visualization of pathology-specific alterations of iron
accumulation as documented in multi-focal demyelinating patterns in marmoset EAE.
Nevertheless, iron loss was clearly observed as a consequence of myelin loss and oligodendrocyte
death (Figure 3D-F). This observation indicates that a key factor in the amplification of oxidative
injury, observed in both marmoset and human brains, is also present in the rhesus brain.
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A
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D
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MRP14
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3
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Turnbull

F

Turnbull

Figure 3. Iron accumulates in rhesus brain. To determine tissue specific iron, Turnbull staining was performed
on healthy control and EAE brain tissue from rhesus monkeys. Shown are overview images of PLP (A,D),
MRP14 (B,E), and Turnbull (C,F) of a control brain (A-C) and an EAE brain (D-F). In the control brain, iron
accumulation was strongest in the GM (A,C). In the EAE brain no distinct pattern of iron staining emerged.

Image scale bars are 200 μm (open square).

Marked upregulation of oxidative stress
Next, we examined the presence of oxidative stress in rhesus EAE brain. In NAWM, p22phox,
a membrane subunit of NADPH oxidase complex, was sparsely detected, but expression was
strongly enhanced in active lesions (Figure 4A-E, Q). As expected, expression of p22phox was
observed in neutrophils as identified by their classic multi-lobe nucleus appearance, and in
mononuclear phagocytes, such as Iba-1+ macrophages and microglia, yet not in astrocytes or
other CNS glia cells (Figure 4L-M).
Basal expression of mtHSP70 was observed in NAWM of the rhesus monkey EAE brain
(Figure 4F, R) and this was markedly up-regulated in the active lesion (Figure 4G, R). Low levels
of SOD2 were observed in NAWM (Figure 4H, S) of the rhesus monkey EAE brain and this was
significantly upregulated in the active lesion (Figure 4I, S). Expression was observed in neurons
and Iba-1+ macrophages and microglia, but fairly absent in astrocytes (Figure 4N-P).
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Figure 4. Expression of oxidative stress pathway markers. Key markers of the oxidative stress pathway were
analyzed by immunohistochemistry. Shown in figure 4 is a selected brain area with EAE lesions stained for PLP
(A), MRP14 (B) and Iba-1 (C). In the NAWM (D), p22phox (D-E, Q) expression ranged from absent to sparse,
which contrasted with the marked detection observed in an active lesion (E). Both mtHSP70 (F-G,R) and SOD2
(H-I,S) exhibited basal expression in the NAWM (F, H), while both marker were clearly up-regulated in the
active lesion (G,I). Immunoreactivity to 8-OHdG (J-K) was detected in NAWM as small patches (J), yet markedly
upregulated in the active lesion (K). Double labeling of select oxidative stress markers was performed
depending upon host species of primary antibodies. Expression of p22phox (green) was detected in Iba-1+
(red) macrophages and microglia, yet not in GFAP+ astrocytes or other CNS cells (Fig 4 L,M). Expression of
SOD2 (green, N-P) was observed in NeuN+ neurons (blue, P) and Iba-1+ (red, N) microglia/macrophages, but
fairly absent in GFAP+ astrocytes (red, O). (Q-S) Lesions of each individual animal are shown by similar symbols,
statistics was calculated with the mean per animal. Statistical significance is indicated by * for p< 0.05. Image
scale bars are 500 μm (perpendicular line), 50 μm (closed circle).
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Finally, DNA oxidation, a marker for oxidative injury, was assessed by the presence of
immunoreactive 8-OHdG. Small focal patches of immunoreactive 8-OHdG were frequently
detected in NAWM, while much larger staining areas were found in the active lesion (Figure
4J-K). Collectively, this data demonstrates that the oxidative stress pathway is strongly activated
in the rhesus monkey EAE brain.

Discussion
Induction of the oxidative stress pathway is a key pathological factor in the progression of
MS 22,30. Whereas representation of this pathway in rodent EAE models has shown to be very
minimal, recent data indicate that this pathway is well represented in the marmoset EAE model
(Dunham et al., 2017, J Neuropathol Exp Neurol in press). Here we extended these findings to
another NHP EAE model, namely in rhesus monkeys. The two models seem to cover the wide
spectrum of human autoimmune demyelinating brain diseases, where the chronic EAE model in
marmosets resembles MS while the acute EAE model in rhesus monkeys more closely resembles
ADEM 8.
The current histopathological analysis of markers associated with the oxidative stress pathway
show that mechanisms associated with the initiation and amplification of oxidative injury are well
represented in the acute demyelinating brain lesions in the rhesus monkey EAE model. For both
macrophages and neutrophils, the expression of NADPH oxidase and generation of superoxide
anions in phagolysosomes play a vital role in pathogen clearance 31,32. On the other hand, oxidant
production by the NADPH oxidase complex expressed in the cell membrane can be harmful to
tissue and result in irreversible oxidative injury. Therefore, healthy tissues are equipped with
mechanisms limiting the consequences of oxidative stress (i.e. ROS scavengers, glutathione redox
cycling). Suppression of this oxidative cytotoxicity without affecting the ROS-dependent
intracellular killing of microorganisms is therapeutically attractive for MS 22. Recent clinical
successes of dimethyl-fumarate, which activates the nuclear-related factor 2 (Nrf2) anti-oxidant
signaling cascade, suggests cessation of oxidative stress to be clinically beneficial 33.
While the rhesus monkey EAE model diverges from both marmoset EAE and human MS with
respect to the histopathological profile of CNS infiltrated immune cells, we propose that there is
considerable value of this current model in aiding the development of therapeutics directed
towards oxidative injury. Despite the acute nature of this model regarding disease progression,
the recruitment of immune cells into the CNS elicited strong representation of the oxidative
stress pathway. As rhesus EAE would represent the extreme end of acute oxidative stress in
relation to CNS demyelination, therapies showing efficacy via anti-oxidant stimulation in this
model, would have a good chance at working in MS.
Primate models of autoimmune demyelination demonstrate tremendous heterogeneity with
respect to clinical and neuropathological presentation and thus represent a wide spectrum of
inflammatory associated demyelination 8,34. The observation that entirely different clinical and
pathological processes occur in different primate species indicates an important role of innate
factors in the clinical and pathological response to immunization 8,9. It is tempting to speculate
that the heterogeneous disease course in human demyelinating disorders and in primates is a
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function of differential activation of innate immune factors, neutrophils for example, and the role
that oxidative stress plays 9. Moreover, tissue defense mechanisms may differ between species,
as shown for the complement regulatory factor CD55 35. Although the T and B cells remain the
center of attention for immune modulatory therapies, selective targeting of the innate immunity
may prove to be success as suggested by others 36.
Age-associated accumulation of iron in the human brain is thought to play a critical role in the
amplification of oxidative damage in neurodegenerative processes via the Haber-Weiss reaction 37.
Pathology-associated liberation of iron could enhance the oxidative stress elicited by the
respiratory bursts of neutrophils and macrophages 37. The prominent accumulation of iron in the
rhesus monkey brain is in line with earlier observations that iron accumulates in myelin and
oligodendrocytes of the marmoset brain (Dunham et al., 2017, J Neuropathol Exp Neurol in
press). The results reported here are also consistent with reports on iron in the human brain,
suggesting that CNS accumulation of iron is a general neurophysiological feature of humans and
NHP and represents a critical divergent from rodent species 26.

Conclusion
In conclusion, we demonstrate that the rhesus monkey EAE brain, like the marmoset EAE
brain, replicates many key features of the oxidative stress pathway observed in human CNS
demyelinating disorders. Both NHP EAE models can therefore be beneficial in validating therapy
targets for pathogenic mechanisms associated with oxidative injury.

Acknowledgements
The authors like to thank F. van Hassel for graphics assistance. J. Dunham was funded by the
European Union with a Marie Curie Fellowship (ITN NeuroKine; 316722), and the authors are
grateful for this support.

156

Severe oxidative stress in rhesus EAE

A

PLP

D

SOD2

B

MRP14

C

3

P22phox

E

Iron

Supplemental fig 1. Iron and oxidative stress. Shown in supplemental fig 1 are adjacent stains of PLP (A),

MRP14 (B), p22phox (C), SOD2 (D) and Iron (E) of an EAE lesion. The image scale bar is 100 μm.

157

Chapter 3 | Into the CNS

References
1

Popescu, B. F. & Lucchinetti, C. F. Pathology of demyelinating diseases. Annu Rev Pathol 7, 185-217,
doi:10.1146/annurev-pathol-011811-132443 (2012).

2

Ghezzi, A. Clinical characteristics of multiple sclerosis with early onset. Neurol Sci 25 Suppl 4, S336-339 (2004).

3

Zlokovic, B. V. The blood-brain barrier in health and chronic neurodegenerative disorders. Neuron 57, 178-201,
doi:10.1016/j.neuron.2008.01.003 (2008).

4

Mayo, L., Quintana, F. J. & Weiner, H. L. The innate immune system in demyelinating disease. Immunol Rev 248,
170-187, doi:10.1111/j.1600-065X.2012.01135.x (2012).

5

‘t Hart, B. A., Gran, B. & Weissert, R. EAE: imperfect but useful models of multiple sclerosis. Trends Mol Med 17,
119-125 (2011).

6

Defelipe, J. The evolution of the brain, the human nature of cortical circuits, and intellectual creativity. Front
Neuroanat 5, 29, doi:10.3389/fnana.2011.00029 (2011).

7

Rhesus Macaque Genome, S. et al. Evolutionary and biomedical insights from the rhesus macaque genome.
Science 316, 222-234, doi:10.1126/science.1139247 (2007).

8

‘t Hart, B. A., Bauer, J., Brok, H. P. & Amor, S. Non-human primate models of experimental autoimmune
encephalomyelitis: Variations on a theme. J Neuroimmunol 168, 1-12, doi:10.1016/j.jneuroim.2005.05.017
(2005).

9

Brok, H. P. et al. Non-human primate models of multiple sclerosis. Immunol Rev 183, 173-185 (2001).

10

Jagessar, S. A. et al. Immune profile of an atypical EAE model in marmoset monkeys immunized
with recombinant human myelin oligodendrocyte glycoprotein in incomplete Freund’s adjuvant. J
Neuroinflammation 12, 169, doi:10.1186/s12974-015-0378-5 (2015).

11

Kap, Y. S., Jagessar, S. A., Dunham, J. & ‘t Hart, B. A. The common marmoset as an indispensable animal model
for immunotherapy development in multiple sclerosis. Drug Discov Today 21, 1200-1205, doi:10.1016/j.
drudis.2016.03.014 (2016).

12

Haanstra, K. G. et al. Selective blockade of CD28-mediated T cell costimulation protects rhesus monkeys
against acute fatal experimental autoimmune encephalomyelitis. J Immunol 194, 1454-1466, doi:10.4049/
jimmunol.1402563 (2015).

13

Kuhlmann, T., Lassmann, H. & Bruck, W. Diagnosis of inflammatory demyelination in biopsy specimens: a
practical approach. Acta Neuropathol 115, 275-287, doi:10.1007/s00401-007-0320-8 (2008).

14

Haanstra, K. G. et al. Induction of experimental autoimmune encephalomyelitis with recombinant human
myelin oligodendrocyte glycoprotein in incomplete Freund’s adjuvant in three non-human primate species. J
Neuroimmune Pharmacol 8, 1251-1264, doi:10.1007/s11481-013-9487-z (2013).

15

Fuchs, T. A. et al. Novel cell death program leads to neutrophil extracellular traps. J Cell Biol 176, 231-241,
doi:10.1083/jcb.200606027 (2007).

16

Babior, B. M. Activation of the respiratory burst oxidase. Environ Health Perspect 102 Suppl 10, 53-56 (1994).

17

Segal, A. W. & Abo, A. The biochemical basis of the NADPH oxidase of phagocytes. Trends Biochem Sci 18, 43-47
(1993).

18

Halliwell, B. Oxidative stress and neurodegeneration: where are we now? J Neurochem 97, 1634-1658,
doi:10.1111/j.1471-4159.2006.03907.x (2006).

19

Stephenson, E., Nathoo, N., Mahjoub, Y., Dunn, J. F. & Yong, V. W. Iron in multiple sclerosis: roles in
neurodegeneration and repair. Nat Rev Neurol 10, 459-468, doi:10.1038/nrneurol.2014.118 (2014).

20

Witte, M. E., Mahad, D. J., Lassmann, H. & van Horssen, J. Mitochondrial dysfunction contributes to
neurodegeneration in multiple sclerosis. Trends Mol Med 20, 179-187, doi:10.1016/j.molmed.2013.11.007
(2014).

21

van Horssen, J. et al. Severe oxidative damage in multiple sclerosis lesions coincides with enhanced antioxidant
enzyme expression. Free Radic Biol Med 45, 1729-1737, doi:10.1016/j.freeradbiomed.2008.09.023 (2008).

22

Haider, L. et al. Oxidative damage in multiple sclerosis lesions. Brain 134, 1914-1924, doi:10.1093/brain/
awr128 (2011).

158

Severe oxidative stress in rhesus EAE

23

Flynn, J. M. & Melov, S. SOD2 in mitochondrial dysfunction and neurodegeneration. Free Radic Biol Med 62,
4-12, doi:10.1016/j.freeradbiomed.2013.05.027 (2013).

24

Vincent, A. M. et al. SOD2 protects neurons from injury in cell culture and animal models of diabetic
neuropathy. Exp Neurol 208, 216-227, doi:10.1016/j.expneurol.2007.07.017 (2007).

25

Barrett, M. J., Alones, V., Wang, K. X., Phan, L. & Swerdlow, R. H. Mitochondria-derived oxidative stress induces
a heat shock protein response. J Neurosci Res 78, 420-429, doi:10.1002/jnr.20249 (2004).

26

Schuh, C. et al. Oxidative tissue injury in multiple sclerosis is only partly reflected in experimental disease
models. Acta Neuropathol 128, 247-266, doi:10.1007/s00401-014-1263-5 (2014).

27

Kehrer, J. P. The Haber-Weiss reaction and mechanisms of toxicity. Toxicology 149, 43-50 (2000).

28

Hametner, S. et al. Iron and neurodegeneration in the multiple sclerosis brain. Ann Neurol 74, 848-861,
doi:10.1002/ana.23974 (2013).

29

Meguro, R. et al. Nonheme-iron histochemistry for light and electron microscopy: a historical, theoretical and
technical review. Arch Histol Cytol 70, 1-19 (2007).

30

Uttara, B., Singh, A. V., Zamboni, P. & Mahajan, R. T. Oxidative stress and neurodegenerative diseases: a
review of upstream and downstream antioxidant therapeutic options. Curr Neuropharmacol 7, 65-74,
doi:10.2174/157015909787602823 (2009).

31

Mittal, M., Siddiqui, M. R., Tran, K., Reddy, S. P. & Malik, A. B. Reactive oxygen species in inflammation and
tissue injury. Antioxid Redox Signal 20, 1126-1167, doi:10.1089/ars.2012.5149 (2014).

32

Finkel, T. H. et al. Priming of neutrophils and macrophages for enhanced release of superoxide anion by the
calcium ionophore ionomycin. Implications for regulation of the respiratory burst. J Biol Chem 262, 1258912596 (1987).

33

Vargas, D. L. & Tyor, W. R. Update on disease-modifying therapies for multiple sclerosis. J Investig Med,
doi:10.1136/jim-2016-000339 (2017).

34

Hartung, H. P. & Grossman, R. I. ADEM: distinct disease or part of the MS spectrum? Neurology 56, 1257-1260
(2001).

35

van Beek, J. et al. Decay-accelerating factor (CD55) is expressed by neurons in response to chronic but not
acute autoimmune central nervous system inflammation associated with complement activation. J Immunol
174, 2353-2365 (2005).

36

Gandhi, R., Laroni, A. & Weiner, H. L. Role of the innate immune system in the pathogenesis of multiple
sclerosis. J Neuroimmunol 221, 7-14, doi:10.1016/j.jneuroim.2009.10.015 (2010).

37

Lemire, J. A., Harrison, J. J. & Turner, R. J. Antimicrobial activity of metals: mechanisms, molecular targets and
applications. Nat Rev Microbiol 11, 371-384, doi:10.1038/nrmicro3028 (2013).

159

3

1
2

Chapter

4

General
Discussion

3
4
5
6
7
8

Chapter 4 | General discussion

Graphical abstract of this thesis
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Figure 1. Graphical abstract of this thesis. The development of clinically evident EAE involves both pathogenic
mechanisms in the periphery and inside CNS. In the peripheral compartment, auto-reactive T cells are
activated with injected antigens presented by APCs in lymphoid organs, such as the lymphocryptovirus
infected B cell. During this process, T cells receive 3 signals: I. antigen presentation, II. co-stimulation and III.
signaling from cytokines (i.e. IL-7) that direct the fate of the T cell response. In marmoset EAE, the activated
auto-reactive T cells cross the BBB and enter the CNS. In this model, injury to the WM and GM of the CNS is
variable, and involves activation of resident myeloid cells (microglia) and infiltrated myeloid cells
(macrophages), which exert cytopathic effects via the production of reactive oxygen species (ROS) and
cytokines. Oxidative injury caused by ROS contributes to axonal degeneration, and has deleterious
consequences for neuronal mitochondria.
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Preface
MS is a chronic demyelinating disorder of the CNS that is debilitating for patients and
represents a major health concern for western societies 1-3. Key elements driving
neurodegeneration and CNS injury include inflammatory demyelination, microglia activation,
oxidative stress and neuronal mitochondrial defects 4-8. The animal model for MS, i.e. EAE, has
contributed to the understanding of autoimmune mechanisms operating in the disease and the
development of therapeutics 9. While rodent EAE is an appropriate model to answer mechanistic
research questions in some situations, the predictive value of rodent models in relation to
therapeutic intervention for disease seems to be limited 10. Primate models offer a unique
opportunity to translate principles discovered in lower species (rodents) to a situation that with
respect to pathological presentation more closely resembles the human disease 11. The marmoset
EAE model, in particular, replicates many key features of MS and is therefore an attractive model
for translational research into pathogenic mechanisms for the human disease 12.
Leading up to the start of this thesis, several observations and controversies shaped the
research direction taken. These include:
•
The emergence of a possible role of the IL-7/IL-7R pathway in MS, and a controversy as
to whether IL-7 contributes to the development of Th1 or Th17 responses 13-16.
•
A lack of clarity on if or how EBV could contribute to the development of autoimmunity
and noteably MS 17-19.
•
A new understanding of the importance of cortical pathology in MS 20-24.
•
The recognition that the oxidative stress pathway is only partly reflected in rodent EAE,
yet is a key component of MS 5,6,25,26.
•
Growing evidence that mitochondrial defects play a key role in MS disease progression
8,27,28
.
Therefore, the aims of this thesis were i) to utilize the marmoset EAE model for gaining a
better understanding of pathogenic mechanisms involved in MS and ii) to characterize NHP
models to determine how closely they replicate key pathological features of MS. Understanding
how similar, or dissimilar, a model is with respect to key features of MS is paramount in the model
selection process for basic (i.e. exploratory research) and applied (i.e. therapeutic testing)
research (Figure 2).
While a tremendous amount of work had been done over the last 20 years on refining the
marmoset EAE model with respect to the adjuvant and encephalitic antigens, refinement of the
marmoset EAE model had largely taken place prior to the emergence of the importance of GM
pathology 29,30. At the start of the current project (this thesis), a comparison between immunization
methods with regard to the ability to elicit WM and GM demyelination had yet to occur.
Furthermore, key pathological features such as iron accumulation in the NHP brain, or the ability
of the NHP EAE models to elicit the oxidative stress pathway and mitochondrial alterations had
also not yet been investigated. The key findings of this thesis are summarized in Box 1. These
findings, and their contribution to the field, will be discussed in the subsequent sections of this
chapter.
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Figure 2. Research strategy. The non-human primate is used for both exploratory and applied research, which

are connected in an iterative process. Scientific concepts developed in the exploratory arm are validated in
the applied arm with therapies that work or do not work in the clinic. For therapies that failed to reproduce
promising effects obtained in the animal model (forward translation), the reason of failure is examined by
retesting the treatment in the relevant animal model (reverse translation). This iterative approach led to the
discovery that lymphocryptovirus-infected B cells have a central pathogenic role in disease progression.
Understanding how well a model replicates key features of human disease is fundamental in determining the
translatability of the data derived from this exploratory and applied research.

Box 1. Key findings of this thesis.
• Blockade of CD127 delays EAE in fast progressor marmosets, but exerts no detectable
effect in slow progressor cases.
• The communication process between the LCV-infected B cell and T cell is aberrant
compared to non-infected B cells; key markers of activation, Th17 responses and
homing are altered.
• Iron accumulates in myelin and oligodendrocytes in the marmoset and rhesus monkey
brain.
• Both marmoset and rhesus EAE exhibit MS-like oxidative stress and injury in the brain.
• The extent of mitochondrial injuries observed in MS is incompletely replicated in EAE.
• The extent of GM injury in marmoset EAE is highly variable, yet increased in monkeys
immunized with antigen-CFA formulation.
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Peripheral immunopathogenic mechanisms
Therapeutically targeting the IL-7/IL-7R pathway
The IL-7/IL-7R pathway has been the focus of research attention in MS for several reasons.
Polymorphisms of the IL7Rα gene are among the more prominent non-HLA- genetic factors to
confer risk for MS development 16. T cells derived from MS patients exhibit enhanced IL-7R
expression and IL-7 level is significantly elevated in the CSF of patients 14,16. Constitutive secretion
of IL-7 by EBV-infected B lymphoblastoid cell lines has also been demonstrated 31. Therefore, in
chapter 2.1 we assessed the role of the IL-7/IL-7R pathway in the most refined version of the
marmoset EAE model, namely elicited with MOG34-56/IFA.
One surprising finding in chapter 2.1 was the relatively limited impact of IL-7R (CD127)
blockade on T-cell subset distribution and responses. Treatment therapeutically or prophylactically
with anti-IL-7Rα mAb has been shown to mitigate EAE severity in a mouse model induced with
MOG/CFA by depleting both naïve and effector memory CD4 and CD8 T-cell subsets and altering
Th1 responses; something not observed in our study 15,32,33. Despite reports on a (in vitro) role of
IL-7 in expansion of MBP-specific T cells in MS patients, in vivo treatment with the anti- IL-7Rα
mAb had no detectable effect on ex-vivo MOG34-56-stimulated marmoset T cells 13.
At the start of the thesis research there was considerable controversy regarding the
contribution of IL-7 to the development of Th1 or Th17 responses 15,34. An early report, which is
now retracted, demonstrated a role of IL-7 in the survival and expansion of mouse Th17 subset
34
. Others failed to replicate these findings, yet demonstrated a role of IL-7 in the development of
pathogenic Th1 cells as both murine and human naïve T cells differentiated into Th1 cells when
stimulated with IL-7 15. Blockade of IL-7R in murine EAE also mitigated disease severity at the
expense of Th1 responses 15,32. In our study, IL-7R blockade had negligible impact on either IFNγ
or IL-17A production, regardless of EAE progression, further suggesting that IL-7 has minimal
impact on the development and expansion of Th1 or Th17 responses.
We observed that therapeutic intervention in the IL-7/IL-7R pathway with an anti-CD127
antibody was only successful in a subgroup of monkeys whose placebo-treated twin sibling
developed EAE in a rapid manner; a phenomenon associated with alterations in the CD20+CD40+
B-cell subpopulation. Although these results did not replicate the homogenous response rates
observed in mouse EAE, our data would predict heterogeneous responses for the human
population. One final caveat to this data is that IL-7 promotes cytotoxicity of the CD8+ T cell in the
MS patient, something not seen in rodent models or healthy cohorts; hence the MS T cell may be
unique with respect to the IL-7/IL-7R signaling pathway 13,14. Thus, although the CD8 cytotoxic T
cell appears to play a role in the marmoset EAE model, one might expect responses in the MS
population to be higher than we observed.
EBV in autoimmunity
Delineating a mechanistic role for EBV infection with the development of autoimmunity and
MS has been difficult 18. Early reports identifying EBV in the brain of MS patients were met with
great enthusiasm, yet could not be replicated by other groups and remain controversial 19,35,36.
Despite this, strong correlation between infectious mononucleosis (IM) and MS, and viral-specific
Ab titers with relapses suggest an association of EBV with disease development. Hence, a role for

165

4

Chapter 4 | General discussion

EBV in MS warrants further investigation 37. A focus of this thesis was to utilize the marmoset EAE
model to explore this possible association mechanistically. Prior to the start of the research for
this thesis it was demonstrated that the marmoset EBV equivalent, CalHV3, played a role in EAE
progression via altering the secondary lymphoid organ milieu 38,39. In chapter 2.2, we therefore
examined how EBV infection influences communication between B cells and T cells from MOG3456/IFA-immunized marmosets. These results demonstrated that infection with EBV alters key
receptors and molecules of the B cell that are involved in antigen presentation and co-stimulation
of the T cell. We demonstrated that the communication process is aberrant between the LCVinfected B cell and T cell compared to non-infected B cells; phenotypically altering expression of
critical T-cell markers related to homing, Th17 responses, development and function.
The absence of EBV+ B-cells in target-specific tissue, albeit still controversial, added to the
temporal association of EBV with disease activity would suggest that the EBV-disease association
either results from dysregulated immune responses to EBV related to disease activity (i.e. IL-10
secretion) or that infection plays a role in disease progression via immunomodulatory effects in
the periphery or directly in the CNS in the earliest phase of disease. Recently, Pender and
colleagues demonstrated that in MS, CD8+ T cells are defective in their ability to control EBV
infection, which they attributed to an exhaustion of the EBV-specific CD8+ T cell repertoire 40. An
intriguing single case study showed that revitalization of the repertoire via vaccination against
EBV induced disease remission in a secondary progressive MS patient 41. Although a direct role in
the CNS in the earliest phase of the disease cannot be entirely excluded, EBV has never been
assessed in the CIS brain. The data presented in chapter 2.2 indicate that key pathways involved
in autoimmunity are dysregulated in the cross talk-between LCV-infected B cells and T cells.
Concomitantly to our data, collegues from our research group demonstrated the ability of the
LCV-infected B cell in cross-presenting auto-antigen that would be degraded in non-infected B
cells 42,43. As demonstrated in the marmoset EAE model, B cell depletion altered the milieu within
the secondary lymphoid tissues; T cells in B cell depleted SLO maintained high CCR7 expression
and were retained in the lymph nodes. We could show that co-culture with B-LCL altered
expression of the homing marker CCR7 in T cells from monkeys that developed clinically evident
EAE. As will be discussed in the open question section, it remains unanswered if EBV is a causative
or mere correlative factor for MS 18. The results in this thesis, along with evidence from others,
would indicate that if EBV is a causative factor of MS, a possible role in disease progression might
be linked to irregular functions of infected B cells as an APC.

166

General Discussion

Into the CNS
The oxidative injury pathway
From a pathogenic point of view, both MS and EAE disease activity can be viewed as
compartmentalized in peripheral and target tissue compartments 44. For EAE pathogenesis,
autoreactive T cells are induced by peripheral immunization with myelin antigen resulting in
tissue injury of the CNS 44. While no unique antigen has been identified in MS, there is an apparent
nexus between the immune system and damage that occurs in the CNS 45. The fundamental basis
that EAE models are judged by is their ability to replicate key pathological features observed in
the MS brain. It is increasingly clear that a model that reflects key aspects of the oxidative injury
pathway will be vital for development of therapeutics. However, this feature is only partially
reflected in current rodent EAE models 25.
In chapters 3.1 and 3.3 we assessed aspects of the oxidative tissue injury pathway in primate
EAE models, with a focus on marmoset EAE, as this model most closely reproduces MS pathology.
We demonstrated that iron accumulation in myelin and oligodendrocytes in the NAWM and
NAGM occurs in both the rhesus monkey and marmoset brain at the earliest ages of monkeys
used for EAE experiments, i.e. 4 and 1.5 years respectively. This represents a clear divergence
from rodent species used for EAE modeling (rats, mice) and may explain the presence of oxidative
stress and injury to the CNS observed in the primate models 25.
The MS brain is characterized by the presence of respiratory deficient cells that have lost
functionality of complex IV (COX-1) due to deletions of mtDNA and/or point base mutations
leading to loss of individual subunit proteins 27. Furthermore, mitochondrial axonal content is
increased in the active lesion and differs based upon lesion, myelination and phosphorylation
status 46,47. The inability of the marmoset model to induce deletions of mitochondrial DNA or
respiratory deficiency, yet induce loss of individual subunits in the mitochondrial respiratory
chain (Figure 3), indicates that severe mitochondrial injury may require a degree of chronicity
that is not likely to be feasible in animal models. The level of oxidative stress exceeds endogenous
anti-oxidant capabilities in the MS patient. Testing therapeutics directed at this pathway in
models where oxidative stress does not exceed endogenous anti-oxidant activity likely has
minimal predictive value for clinical efficacy, underscoring the value of NHP models in this area of
research.
Cortical pathology
The importance of cortical pathology in the MS brain with respect to disease progression and
clinical symptoms is becoming increasingly clear 23. This critical feature of disease pathology is
frequently absent in mouse EAE models, yet distinctly present in strains of Lewis rats and in
marmoset EAE models 49. In chapter 3.2 we performed a comparative analysis of the ability to
elicit GM pathology with the different EAE induction methods in marmosets. We demonstrated
that previous estimates of cortical pathology development were much lower than actually
observed numbers. This is likely due to reliance on MRI diagnosis. We observed that the amount
of demyelination varied between immunization protocols. Although the use of IFA in EAE
induction is more animal welfare friendly, it clearly elicited less cortical demyelination than was
observed in EAE models based on CFA. Interestingly, all marmoset EAE models exhibited the
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same predilection sites with respect to development of subpial demyelination. Like MS, low flow
areas such as deep sulci were frequently affected 22,50,51. Furthermore, in marmosets immunized
with MOG34-56 emulsified in either CFA or IFA, antibodies directed against conformational MOG
were not observed, unlike in rhMOG-immunized animals, confirming previous results 30. Whereas
histologically we could observe signs of IgG and complement deposition in the early active
lesions in the WM or in leukocortical lesions, identification of early active cortical lesions by MOG
staining is challenging and clear uptake of IgG and C9neo by macrophages in WM and leukocortical
lesions was not easily discernable. It is unclear if this staining pattern represents pathogenic
antibodies binding other myelin antigens or if this is a non-specific pattern as described by
Prineas and colleagues 52. Future studies are warranted to eliminate the possibility of a pathogenic
antibody directed against myelin constituents other than MOG.

Outstanding questions
Is EBV a causative or correlative factor of MS?
One of the most challenging questions that remains to be answered is if EBV is a causative
factor for MS, and thus actively contributing to disease progression, or if the correlation is a nonrelevant bystander effect (guilt-by-association) 18. Proposed roles of EBV in disease progression,
including those in this thesis, remain largely speculative and are based on ex vivo and in vitro cell
cultures.
A causative role of EBV for disease initiation or progression would considerably change
therapeutic strategies in early stages of disease as immune modulation could be directed against
virus-infected cells 53. Therapies that compromise the immune system, and have negative side
effects, would not be necessary; patients that develop IM could be prophylactically treated,
thereby avoiding the development of MS. Yet, significant challenges exist. Once latency is
established, anti-viral therapies are ineffective in EBV-related lymphoproliferative disorders and
therefore might also not be successful in MS 54. Depletion of CD20+ B cells would eliminate the

Figure 3. Mitochondrial alterations in marmoset EAE. The axonal mitochondrial (mt) content was assessed in
relation to the phosphorylation status of neurofilament, as a marker of inflammation-related pathology 48. A-B
shows staining of normally phosphorylated (blue; SMI31+) or EAE-related non-phosphorylated (blue; SMI32+)
neurofilament with cytochrome C oxidase subunit 1 (red; COX-1) and porin, a voltage dependent anion
channel (VDAC) expressed in the outer membrane of all mitochondria (green). Shown in C-D is that while the
number of mitochondria did not differ between SMI31+ and SMI32+ axons (injured), the percentage of axonal
area occupied by mitochondria was significantly increased in SMI32+ axons. To determine the activity of
mitochondria (E-G), we examined the dynamics between COX-1, a mtDNA encoded member of the COX
catalytic core, and porin. In relation to SMI31+ axons, SMI32+ axons exhibited significantly lower levels of
inactive (= COX-1 negative) mitochondria (absolute deficiency; E), and significantly higher levels of active (=
COX-1 positive) mitochondria (F). The percentage of mitochondria deficient axons or mitochondria lacking
COX-1 immunoreactivity, was significantly lower in SMI32+ axons in comparison to SMI31+ axons (G). Using
COX histochemistry combined with fluorescent labeling, we observed a partial loss of COX activity in astrocytes
and neurons (H-M), but not in macrophages (data not shown). Cells that had partial activity loss were
observed in EAE lesions, absent in healthy controls, and frequently exhibited a loss of individual complex IV
subunits COX-1 (L-M). Non-lesion associated loss of COX-1 was observed in purkinje cells (data not shown).
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reservoir for EBV, yet a specific role for EBV and MS cannot be conferred from this treatment as
large populations of B cells and minor populations of T cells are eliminated 53. Furthermore, mAb
may have difficulties passing the BBB depending on the integrity of the barrier; thus to entirely
eliminate the EBV+ B cell pool the therapeutic must be delivered intrathecally 55. Recently a case
report was published showing that adoptive immunotherapy whereby autologous EBV-specific
CD8+ T cells were expanded in vitro and transferred back to a SPMS patient led to the induction
of remission. Although the patient benefited from the transfer, a larger sample size is needed to
be able to draw information as to how successful this therapy will be 41.
The role of iron in EAE and MS: amplification or remyelination?
Iron is an essential element required for normal brain health as a contributing co-factor for
mitochondrial respiratory complexes, oligodendrocyte precursor cell proliferation and the (re)
myelination process 56. On the other hand, unbound iron can contribute to oxidative tissue injury
by the generation of hydroxyl radicals from hydrogen peroxide via the Haber-Weiss reaction. Iron
metabolism is dysregulated in the MS brain and the destruction of myelin and oligodendrocytes
is associated with altered expression of iron metabolic markers and perilesional accumulation of
iron in myelin, oligodendrocytes and microglia 6. Recently, it has been demonstrated that lesions
forming iron rims are more likely to expand than those not forming iron rims 57. This finding,
however, is correlative and since iron rim lesions were larger at the start of the observation
period one cannot deduce if iron itself is attributed to the expansion of the lesion 57. In rodent
EAE, iron deficiency attenuated symptoms of disease 58. These effects though were associated
with immune suppression, and importantly iron overloading did not exacerbate EAE 58.
Unfortunately, clinical trials of iron chelation have been limited in size and number, predominantly
based on PPMS or SPMS patients and yielded mixed results 59. As shown in chapter 3.1 and 3.3
NHP EAE models offer attractive systems for preclinical testing of iron chelation therapies.
Whereas the NHP brain exhibits profound iron accumulation, this is limited in the rodent brain at
ages used for experimental modeling 25. The marmoset model is particularly well suited for this
research as twin animals can be used for studies and unlike humans, these monkeys are fed
standardized diets; the possible effect of dietary iron intake and variation in basal brain deposition
levels of humans could confound studies using too few patients.
Is inhibiting oxidative stress a feasible strategy to alter disease activity?
Enhancement of anti-oxidant activity, and cessation of oxidative stress mechanisms has been
proposed as an attractive therapeutic strategy to delay the conversion from RRMS to SPMS 60-62.
Recent clinical success of Nrf2 stimulation with dimethyl-fumerate (DMF) indicates that targeting
the oxidative stress pathway may yield a favorable outcome63. The clinical effect of DMF cannot
be entirely attributed to stimulation of the Nrf2 pathway, as innate and adaptive immune
response modulation by DMF has been observed independent of Nrf2 stimulation 64. In MOGinduced rodent EAE models, targeting the NADPH complex function has a significant impact on
disease and thus there is clear evidence to support such a strategy 65,66. Alleviating oxidative
stress and injury could reduce or delay the development of defective mitochondria, spare axons
from insult and degeneration, and prevent energy diversion from the remyelination process 60.
Importantly, these strategies are not without risk. For instance, therapeutically targeting NOX2
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would likely target other tissues as well and may increase the patient risk to infection. Hence, the
ideal effective therapy would be CNS specific 67. As reduction of stress can also have deleterious
consequences for mitochondria and as ROS also play a key role in angiogenesis, oxygen sensing,
cell proliferation and signaling, it is vital that this underlying mechanism is well understood;
potential therapeutics need therefore to be tested in models that reflect human-like levels of
oxidative stress 68,69. As presented in chapter 3.1 and chapter 3.3, the NHP EAE models are
attractive models for testing therapeutics and underlying mechanisms involving oxidative stress.
Can marmoset EAE be modified to induce 100% incidence of GM pathology?
One of the prominent features of marmoset EAE is the ability of monkeys to elicit GM
pathology 70,71. As presented in chapter 3.2 the incidence of GM pathology varies per immunization
protocol. In our own unpublished data, we have noticed that some therapeutic interventions,
regardless of outcome of treatment, result in alterations of GM lesions. For instance, monkeys
treated with an antibody against the B cell growth and differentiation factor “a proliferationinducing ligand” (APRIL) developed GM lesions at a 100% incidence rate, yet the treatment had
little effect on disease outcome (own unpublished observations). This suggests that the EAE
induction method can be altered in a way that would favor the development of cortical pathology.
Cortical demyelination in the Lewis rat can only be observed in the LEW.1AR1 (RT1r2) and
LEW.1W(RT1u) strains that contain RT1.BuDu MHC-II and RT1.Aa MHC-I alleles 49. In these strains,
extensive cortical demyelination develops and does so in a reproducible fashion. The MHC allelic
variation has yet to be assessed for the marmoset in relation to development of cortical
pathology; however it should be noted that marmoset MHC equivalent (Caja) alleles are fairly
conserved 72. As oxidative stress in the marmoset model was not confined to the immunization
method but rather dependent upon demyelinating activity, effort should be placed in refining the
model to develop higher incidences of cortical pathology.

Future perspectives
Arguably, few phrases better embodies the state of MS research activities than that attributed
to French Neo-Platonist philosopher Bernard of Chartes: “Standing on the shoulder of giants”.
Through success and failures, knowledge of pathogenic mechanisms has been greatly expanded
and now therapeutic regimens can modify disease course. Yet still, the cause of MS is unknown
and current therapeutics only variably modify disease; development of effective therapeutics for
progressive forms of disease is critical and refinement of treatment regimens for RRMS is greatly
needed 73.
Despite this pressing need for therapeutic refinement and development, optimism is
warranted. Efforts to develop tissue banks across Europe and the US has granted researchers
access to tissues that would have previously been difficult to obtain 74. Technological advances
such as single cell technologies, multiplexing and high throughput technologies allow screening
not previously possible 75. Animal models will undoubtedly play a role in research efforts. As
shown in this thesis, the NHP models replicate many key features of disease and will be valuable
models in these efforts.
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Abbreviations
(m)Ab
ABL
Ag
ADEM
ALN
APC
APRIL
ATP
BAFF
BBB
BDNF
B-LCL
BLyS
Caja
CalHV3
CCL
CCR
CFA
CFSE
CIS
CLN
CMV
CNS
cpm
CSF
CTL
DAB
DC
DMF
EAE
EBV
EBNA-1
EDTA
EDSS
FACS
FasL
FcR
Fe2+
Fe3+
GA
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(monoclonal) antibody
Abelson reference gene
antigen
acute disseminated encephalomyelitis
axillary lymph node
antigen presenting cell
proliferation-inducing ligand
adenosine triphosphase
B-cell activating factor
blood-brain barrier
brain derived neurotrophic factor
B-lymphoblastoid cells
B-lymphocyte stimulator
Callithrix jacchus
Callitrichine herpesvirus 3
chemokine ligand
chemokine receptor
complete Freund’s adjuvant
carboxyfluorescein diacetate succinimidyl ester
clinically isolated syndrome
cervical lymph node
cytomegalovirus
central nervous system
counts per minute
cerebrospinal fluid
cytotoxic T-lymphocyte
diaminobenzidine tetrachloride
dendritic cell
dimethyl-fumarate
experimental autoimmune/allergic encephalomyelitis
Epstein-Barr virus
EBV nuclear antigen-1
ethylenediaminetetraacetic acid
expanded disability status scale
fluorescence-activated cell sorting
Fas ligand
Fc receptor
ferrous iron
ferric ion
glatiramer acetate

Abbreviations

GM
GM-CSF
H2O2
HHV
HLA
HSCT
IFA
IFN
Ig
IL(-R)
ILN
IM
iNOS
iPSC
LCV
LFB/PAS
LN
LPC
MAG
MBP
M-CSF
MHC
MNC
MOG
MRI
MRP
MS
mtDNA
mtHSP
NADPH
NAWM/NAGM
NO*
NOX
NHP
NK
NK-CTL
NLR
Nrf2
O2OH*
8-OHdG
OPC

grey matter
granulocyte-macrophage colony-stimulating factor
hydrogen peroxide
human herpesvirus
human leukocyte antigen
hematopoietic stem cell transplantation
incomplete Freund’s adjuvant
interferon
immunoglobulin
interleukin (receptor)
inguinal lymph node
infectious mononucleosis
inducible nitric oxide synthase
induced pluripotent stem cell
lymphocryptovirus
Luxol Fast Blue/Periodic Acid Schiff
lymph node
lysophosphatidylcholine
myelin associated glycoprotein
myelin basic protein
macrophage colony-stimulating factor
major histocompatibility complex
mononuclear cell
myelin oligodendrocyte glycoprotein
magnetic resonance imaging
myeloid related protein
multiple sclerosis
mitochondrial DNA
mitochondrial heat shock protein
nicotinamide adenine dinucleotide phosphate
normal appearing white/grey matter
nitric oxide
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
non-human primate(s)
natural killer cell
natural killer-cytotoxic T lymphocyte
NOD-like receptor
Nuclear factor (erythroid-derived 2)-like 2
superoxide anion
hydroxyl radicals
8-hydroxy-2’-deoxyguanasine
oligodendrocyte precursor cell
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PBMC
PDL1
PLP
PML
PMS
PPMS
PRMS
psd
pSTAT5
RA
rh
rIL
RIS
RNS
ROI
ROS
RRMS
S1P
(s)CD
SI
SLO
SNP
SOD
SPF
SPMS
T1W/T2W
TBS
TCR
TGF
TLR
TNF
Th
TRIS
VCAM
VLA
WM
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peripheral blood mononuclear cells
programmed death 1
proteolipid protein
progressive multifocal leukoencephalopathy
progressive MS
primary progressive MS
progressive relapsing MS
post sensitization day
phosporylated signal transducer and activator of transcription 5
rheumatoid arthritis
recombinant human
recombinant interleukin
radiologically isolated syndrome
reactive nitrogen species
region of interest
reactive oxygen species
relapsing-remitting MS
sphingosine-1-phosphate
(soluble) cluster of differentiation
stimulation index
secondary lymphoid organs
single nucleotide polymorphism
superoxide dismutase
specific-pathogen free
secondary progressive MS
T1- or T2-weighted
Tris buffered saline
T-cell receptor
Transforming growth factor
Toll-like receptor
tumor necrosis factor
T helper
tris(hydroxymethyl)aminomethane
vascular cell adhesion molecule
very late antigen
white matter

Summary

Summary
Multiple sclerosis (MS) is a chronic neuroimmunological disease affecting the central nervous
system (CNS) causing cognitive and physical disability. Despite tremendous advances in
therapeutics over the past few decades, the development of effective treatment options for
progressive stages and a better understanding of pathogenic mechanisms of the disease are
imperative. Animal models, i.e. experimental autoimmune encephalomyelitis (EAE) in rodents
and monkeys, have widely been used to aid in the understanding of mechanisms driving disease
and development of therapeutics, albeit with variable success. The aim of this thesis was to i)
utilize non-human primate (NHP) models for gaining a better understanding of pathogenic
mechanisms involved in MS and to ii) characterize NHP models of experimental autoimmune
encephalomyelitis (EAE) for their ability to replicate key features of disease; thereby determining
which possibilities and limitations these models may have in testing of novel therapeutics.
The research in this thesis can broadly be divided into immunopathogenic mechanisms
operating in the peripheral compartments (Chapter 2) and processes driving disease inside the
CNS (Chapter 3). Previous studies in MS and EAE suggested a role for the lymphocryptovirus
Epstein-Barr virus (EBV) in disease progression. In the peripheral compartment, in chapter 2.1,
we examined how EBV infection of the B cell alters key receptors and pathways involved in
antigen presentation to T cells. By performing co-cultures of EBV-infected B cells with T cells from
myelin oligodendrocyte glycoprotein (MOG) 34-56/incomplete Freunds adjuvant immunized
marmosets, we demonstrated that the EBV-infected B cell alters key receptors of the T cell
involved in homing, survival and function. Together with previously published results, this would
suggest a mechanistic involvement of EBV in autoimmunity as an atypical antigen-presenting cell
of self-antigen. As B lymphoblastoid cell lines can constitutively secrete the cytokine IL-7 and the
IL-7/IL-7R pathway was implicated in EAE progression of the marmoset, in chapter 2.2 we
examined whether blockade of the IL-7R impacts EAE progression. We demonstrated that IL-7R
blockade was effective in a segment of marmosets whose dizygotic twin sibling in the placebotreated group developed EAE rapidly.
During the process of refining the marmoset EAE model, two very critical ideas emerged in
the field. First, the importance of oxidative tissue injury pathway in MS became recognized, as did
the failure of rodent models to replicate oxidative stress and injury. Secondly, the importance of
grey matter (GM) pathology in disease progression became clear. Therefore, a considerable
proportion of the thesis (Chapters 3.1-3.3) is dedicated to determining if these key features of
the MS brain are replicated in NHP EAE models. In chapter 3.1 it is demonstrated that iron
accumulated in the myelin and oligodendrocytes and that MS-like oxidative tissue injury pathways
are represented in the marmoset EAE brain. As discussed in chapter 4.0, we examined if
mitochondria are impaired in marmoset EAE models. Despite the presence of oxidative tissue
injury in marmoset EAE, the model could not replicate the severe levels of mitochondria
impairment observed in MS, particularly those of progressive stages of disease. In this analysis,
we demonstrated that the axonal mitochondria content is altered and that subunits of complex
IV are lost, and thus complex IV activity itself is affected, but clonal expansion of mtDNA and
complex IV deficiencies were not observed. Similarly, in chapter 3.3, the oxidative injury pathway
is also shown to be well represented in the rhesus monkey EAE brain indicating that NHP are
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suitable models to test novel therapeutics or pathogenic mechanisms involving oxidative tissue
injury or iron aberration.
Another key feature of progressive MS is the development of GM pathology. In chapter 3.3
the different types of GM lesions and the percentage of GM demyelination were compared
between the different marmoset EAE induction protocols. We demonstrated that GM pathology
differs between EAE induction methods and confirmed previous results showing that
demyelination in MOG34-56-induced EAE is MOG antibody independent in marmosets.
Importantly, this indicates that the model can be further refined to develop more progressive-like
pathology.
In conclusion, we demonstrated that NHP EAE replicates many key features of human disease
and we used these translationally relevant models to explore immunopathogenic mechanisms
involved in MS. In chapter 4.0 the findings of this thesis, in relation to current knowledge of the
field, are discussed.
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Samenvatting
Multiple sclerose (MS) is een idiopathische neuro-immunologische ziekte met meestal een
chronisch beloop die het centrale zenuwstelsel (CZS) aantast en daarbij cognitieve en motorische
processen verstoort. Ondanks de enorme vooruitgang in therapie-ontwikkeling in de laatste
decennia, is er nog steeds geen effectieve behandeling voor de progressieve fase van MS
mogelijk. Onderzoek naar de processen betrokken bij de oorzaak en voortgang van de ziekte
heeft daarom een hoge prioriteit. Diermodellen, met name experimentele autoimmuun
encefalomyelitis (EAE) in knaagdieren en primaten, hebben bijgedragen aan de kennis over de
pathogene mechanismen en aan de ontwikkeling van nieuwe therapieën, echter met wisselend
succes. Het doel van dit proefschrift was i) beter inzicht te verkrijgen in de pathogene
mechanismen betrokken bij MS door onderzoek in het EAE model in niet-humane primaten
(NHP) en ii) te bepalen welke aspecten van de MS pathologie worden nagebootst in de NHP
modellen.
Het onderzoek beschreven in dit proefschrift kan worden verdeeld in de immunopathogenese
in het perifere compartiment (hoofdstuk 2) en de processen in het CZS (hoofdstuk 3). Eerdere
studies hebben aangetoond dat het lymfocryptovirus Epstein-Barr virus (EBV) een rol speelt in
MS en EAE. In hoofdstuk 2.1 hebben we onderzocht hoe EBV-infectie van de B-cel de antigeen
presentatie aan T-cellen beïnvloedt. Voor dit onderzoek zijn T-cellen geïsoleerd uit marmosets
(ook wel het penseelaapje genoemd) geïmmuniseerd met het peptide 34 tot 56 van myeline
oligodendrocyt glycoproteïne (MOG34-56) in incompleet Freunds adjuvant (IFA). Deze T-cellen
zijn tezamen gekweekt met EBV-geïnfecteerde B-cellen. We konden aantonen dat met EBV
geïnfecteerde B-cellen de expressie receptoren belangrijk voor migratie, overleving en functie
van de T-cellen verandert. Samen met eerder gepubliceerde resultaten suggereert dit een
belangrijke rol voor de met EBV geïnfecteerde B-cel in auto-immuniteit als een atypische
antigeen-presenterende cel voor een lichaamseigen antigeen. EBV-geïnfecteerde B-cellen
produceren het cytokine IL-7 en IL-7 lijkt een rol te spelen bij de progressie van EAE in marmosets.
Daarom hebben we in hoofdstuk 2.2 onderzocht of de blokkering van de IL-7 receptor met een
antilichaam EAE kon remmen. Het bleek dat blokkade van de IL-7 receptor effectief is in een
subgroep van de marmosets, namelijk diegenen van wie de gepaarde tweelingpartner in de met
een placebo preparaat behandelde controlegroep snelle EAE ontwikkeling liet zien.
Tijdens de verfijning van het marmoset EAE model waren er twee belangrijke ontwikkelingen
in het MS onderzoeksgebied. Ten eerste bleek dat schade door oxidatieve stress in de hersenen
van MS een belangrijke factor is in het ziekteproces. Dit kon in de knaagdiermodellen voor MS
niet worden nagebootst. Ten tweede bleek dat de ontwikkeling van grijze stof lesies een
belangrijke rol speelt in de progressie van de ziekte. Een groot deel van het proefschrift
(hoofdstuk 3.1-3.3) is daarom gewijd aan het bepalen van de reproduceerbaarheid van deze
pathologie in de NHP EAE modellen. In hoofdstuk 3.1 laten we zien dat oxidatieve stress alsmede
de accumulatie van ijzer duidelijk aantoonbaar zijn in de hersenen van marmosets met EAE. In
hoofdstuk 4.0 laten wij zien dat ondanks de aanwezigheid van oxidatieve stress, de ernstige
beschadigingen aan mitochondriën zoals gezien in met name de progressieve fase van MS, niet
aanwezig is in het marmoset EAE model. We namen wel waar dat de hoeveelheid mitochondriën
in de zenuwcellen is veranderd en dat subunits van complex IV verloren zijn gegaan, waardoor
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waarschijnlijk ook de activiteit van complex IV is aangetast. Verder hebben we geen klonale
expansie van mitochondriaal DNA of complex IV-deficiënties waargenomen. Een soortgelijke
pathologie kon worden aangetoond in het meer acute EAE model in de resus makaak (hoofdstuk
3.3). Dit suggereert dat beide NHP EAE modellen zeer goed bruikbaar zijn voor het testen van
nieuwe therapieën of het onderzoeken van pathogene mechanismen waarbij oxidatieve stress
en veranderingen in ijzer zijn betrokken.
Een andere belangrijk kenmerk van progressieve MS is de ontwikkeling van pathologie in de
grijze stof. In hoofdstuk 3.2 hebben we in de verschillende marmoset EAE modellen de typen
grijze stof lesies vergeleken, alsmede het percentage demyelinisatie en ontsteking in de cortex.
Zowel het lesie type als de hoeveelheid demyelinisatie verschilt aanzienlijk tussen de EAEinductieprotocollen. Tevens hebben we in de MOG34-56-geïnduceerde EAE modellen
aangetoond dat de grijze stof lesies kunnen ontstaan in de afwezigheid van pathogene
antilichamen gericht tegen MOG. Het MOG34-56/IFA EAE model zou verder verfijnd kunnen
worden om een meer uitgesproken progressieve MS-achtige pathologie te verkrijgen.
Tenslotte worden in hoofdstuk 4 de belangrijkste bevindingen bediscussieerd. Afsluitend kan
worden gesteld dat NHP EAE modellen belangrijke pathologische aspecten van humane MS
nabootsen en dat deze modellen zeer bruikbaar zijn voor exploratief onderzoek naar de
immuunpathogene mechanismen in MS.
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